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A review of the literature indicates a paucity of information concerning 
any relationship between injury and lipide changes in the plasma of animals 
or man. After severe injury to dogs, the lipide concentration of several 
plasma protein fractions was increased, while that of the whole plasma was 
not altered (1). The present investigation was undertaken to examine in 
detail the lipides of plasma and plasma protein fractions of rats subjected 
to partial hepatectomy, to scalding, and to intravenous injection of a toxic 
agent (nitrogen mustard). 









Methods 


Inbred male rats of Wistar stock, about 70 days old and weighing be- 
tween 150 and 200 gm., were used as experimental animals. In the first 
group, partial hepatectomy was performed according to the procedure of 
Higgins and Anderson (2); 60 to 75 per cent of total liver was removed; 
laparotomized animals served as controls. Rats in the second group were 
scalded by dipping the clipped backs in hot water at 75° for 40 seconds, 
under anesthesia, so that approximately one-third of the body surface was 
affected. In the third group, approximately 0.3 ml. of a freshly prepared 
saline solution of the nitrogen mustard, tris(8-chloroethyl)amine hydro- 
chloride (HN3), was injected into the exposed jugular vein, so that the 
dose was 0.6 mg. per kilo; saline-injected rats were used as controls. The 
partially hepatectomized and scalded rats were allowed to have food (Pu- 
rina checkers and Gaines dog meal) and water, while the animals injected 
with HN3 were fasted after injection. All experimental procedures were 
carried out under pentobarbital anesthesia. Blood was withdrawn from 
the abdominal aorta and was prevented from clotting with heparin. 

In order to obtain a minimum of 20 ml. of plasma for fractionation, it was 
necessary to sacrifice a number of rats and pool the blood for any given 
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experimental period. Four fractions of rat plasma were obtained according 
to the procedures described by Gjessing and Chanutin (8). 

The fractions and plasma were dried in a desiccator over P.O; in vacuo; 
they were crushed in a mortar and returned to the desiccator until the dry 
weights were constant. Weighed aliquots of the dried fractions were 
placed in extraction thimbles and were extracted on a steam bath while 
immersed in absolute alcohol for 5 hours; this was repeated with ab- 
solute alcohol-ethyl ether (1:1) for 5 hours. These two extracts were 
combined and brought to a total volume of 100 ml. with the alcohol- 
ether mixture. Aliquots of this extract were used for the determination 
of cholesterol by a modification of the Schoenheimer-Sperry (4) proce- 
dure. A 25 ml. aliquot was evaporated to dryness and the residue was 
dissolved in and the final volume brought to 25 ml. with petroleum ether. 
Aliquots of this extract were used for the determination of total lipide car- 
bon (5) and for phospholipide phosphorus (6). Cholesterol and phos- 
pholipide values were converted to carbon by standard factors (1). 


Results 


Data for total lipide, cholesterol, and phospholipide carbon of plasma 
and plasma fractions of rats are presented in Figs. 1, 2, and 3 at varying 
intervals after partial hepatectomy, scalding, and injection of a toxic 
agent (HN3). Each point on the chart represents a pooled sample from a 
number of rats. In several instances the values represent the average 
of several determinations on different groups. 

Partial Hepatectomy (Fig. 1)—Results obtained during the first 10 days 
after partial hepatectomy or laparotomy are shown. The lipide con- 
stituents of whole plasma are increased slightly. The pronounced varia- 
tions of the total lipide concentrations of Fraction I of control and experi- 
mental animals are probably attributable to the trauma of the surgical 
procedure; the increase in phospholipide and cholesterol concentration on 
the 2nd day appears to be associated with liver insufficiency. During the 
first 4 days, the lipide values of Fraction II+III of the partially hepatec- 
tomized rats are elevated, while those of the controls show little or 
no change. The lipides of Fraction IV-4 of the laparotomized groups 
decrease immediately after operation, while the values of the partially 
hepatectomized animals remain fairly constant. The albumin-rich Frac- 
tion V contains traces of lipides whose concentrations are not appreciably 
affected. 

Scalding (Fig. 2)—A small but definite increase in the lipide concentra- 
tion of the plasma is observed after severe thermal injury. The total 
lipides of Fraction I decrease at the 12th hour and reach a minimum on the 
3rd day; small decreases in the concentrations of phospholipide or choles- 
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DAYS AFTER PARTIAL HEPATECTOMY OR LAPAROTOMY 


Fic. 1. Effect of partial hepatectomy on the lipides of plasma and plasma protein 
fractions. The dotted lines represent partially hepatectomized animals and the 
solid lines represent the laparotomized animals. 
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DAYS AFTER SCALDING 


Fic. 2. Effect of thermal injury on the lipides of the plasma and plasma protein 


fractions. 
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terol are observed. An immediate pronounced increase in the lipides 
of Fraction II+III is seen, which reaches a maximum after 24 hours; the 
values gradually decrease but remain elevated on the Sth day. ‘The daily 
variations in the concentration of lipides of Fraction IV-4 are small. No 
change in the concentration was seen in Fraction V. 

Nitrogen Mustard (HN3) (Fig. 3)—The total lipide, phospholipide, and 
cholesterol concentrations of the HN3-injected animals are consistently 
elevated above those of the saline controls in the plasma and in Fraction 
IV-4. The total lipide concentrations of Fraction II+III are markedly 
elevated on the 3rd day after injection; the values for the saline groups de- 
crease and remain low. The lipide carbon for Fractions I and V shows no 
appreciable change as a result of injection of a nitrogen mustard. 
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DAYS AFTER INJECTION OF HN3 OR SALINE 


Fia. 3. Effect of intravenous injection of HN3 on the lipides of the plasma and 
plasma protein fractions. The dotted lines represent the HN3-injected and the 
solid lines the saline-injected animals. 


DISCUSSION 


The preceding data demonstrate that the concentrations of lipides, as- 
sociated with the plasma proteins of Fraction II+III, are consistently 
increased at the time when metabolic processes are acutely affected by 
injury or by a toxic agent. 

The concentrations of the components of the regenerating liver of par- 
tially hepatectomized rats may undergo marked changes. Liver growth is 
most rapid on the 2nd and 3rd days (2, 7), during which time the concen- 
tration of pentose nucleic acid is markedly increased (8). During the Ist 
day increased amounts of lipide are deposited in the liver remnant; on the 
2nd and 3rd days the lipide concentration decreases rapidly (9). The 
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data in these experiments indicate that the total lipide, phospholipide, and 
cholesterol, particularly in Fraction II+III, increase during the period of 
greatest liver regeneration. 

After the rats were scalded, the proteins of Fraction II+III show marked 
changes in distribution within a few hours (3). A marked decrease in the 
cholesterol ester and ascorbic acid concentrations of the adrenals is seen 
shortly after thermal injury (10). Within a few hours after burning, the 
total lipides decrease markedly in Fraction I and remain depressed; in 
Fraction II+III they increased sharply and remained elevated. The 
phospholipide and cholesterol concentrations follow the trend of the total 
lipide. These changes are definitely associated with the severe acute 
thermal injury. 

After the intravenous injection of an LD dose of HN3 into rats, 
leucopenia, enteritis, and diarrhea are first manifested prominently on 
the 3rd day. At this time, the adrenal cholesterol ester concentration 
is most depressed (10) and the fatty infiltration of the thymus nuclei is 
most pronounced (11). In the present experiments, the elevations of 
total lipide carbon concentrations of Fractions I[+III and IV-4 are most 
marked on the 3rd day after injection. 


SUMMARY 


The concentrations of total lipide, phospholipide, and cholesterol carbon 
of the plasma and four plasma fractions of rats were determined after 
partial hepatectomy, laparotomy, scalding, and after the injection of 
tris(8-choloroethyl)amine (HN3) and saline. 

The concentrations of the lipide constituents of whole plasma were 
slightly increased in the injured animals. The total lipide concentration 
of Fraction II+III was always elevated when the effects of these injuries 
were most pronounced. Changes in the lipide concentrations of the 
remaining fractions appeared to depend on the experimental procedures. 
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THE SERINE REQUIREMENT OF STREPTOCOCCUS FAECALIS 
R AS A FUNCTION OF THE BASAL MEDIUM 


By BRYANT R. HOLLAND anv W. W. MEINKE 


WiTH THE TECHNICAL ASSISTANCE OF MELBA BREEDLOVE SAMPLE 


(From the Texas Engineering Experiment Station, Agricultural and Mechanical College 
of Texas, College Station) 


(Received for publication, September 3, 1948) 


In a previous publication, in which the authors (1) reported an antago- 
nism between serine and threonine, it was postulated that Streptococcus 
faecalis R might be suitable for a serine assay, if the effects of other factors 
on the serine requirement were more clearly understood. Baumgarten et 
al. (2) have reported the use of Streptococcus faecalis R for the microbio- 
logical assay of serine, and others (3, 4) have reported serine to be essential 
for this organism, while Dunn et al. (5) found serine to be non-essential. 

Subsequent work in this laboratory indicates that the Streptococcus 
faecalis R requirement for serine is a function of the basal medium em- 
ployed, rather than being due to unsuspected amino acid impurities. In 
addition to threonine (1), it was found that adenine, guanine, uracil, folic 
acid, citrate, and ferrous iron altered the requirement for serine. 


EXPERIMENTAL 


Source of Materials—The folic acid used in these experiments was syn- 
thetic pteroylglutamic acid (folvite) obtained from the Lederle Labora- 
tories Division, American Cyanamid Company. ‘The folic acid concen- 
trate, potency 4000, was prepared from spinach and was obtained from 
Dr. R. J. Williams, Biochemical Institute, The University of Texas. 

Methods—The experimental technique employed and the culture of 
Streptococcus faecalis R used were the same as those described in an earlier 
publication (1). Medium II of Baumgarten, Mather, and Stone (2), unless 
otherwise indicated, was used with modifications shown in the tables. 


Results 


A comparison of three different media (Table I) for Streptococcus faecalis 
R shows gross differences in the serine growth response. With Medium 
A of Baumgarten et al. (2), serine would be classed as an essential metab- 
olite, while with Medium B of Lyman et al. (6) and Medium C of Stokes 
et al. (7) it would be classed as stimulatory. 

Effect of Adenine, Guanine, and Uracil—It is evident (Table II) that 
these compounds inhibit growth in the absence of serine and in the pres- 
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ence of limiting serine. Individual and combined effects of adenine, 
guanine, uracil, and xanthine tested in the absence of serine (Fig. 1, Curve 


TaBLe [ 
Response of Streptococcus faecalis R on Different Serine-Free Media 
The figures in parentheses refer to the bibliography. No xanthine was added to 
any of the media. Pyridoxine, 16 y and 20 y respectively, was used in Media B and 
C, instead of pyridoxamine. 


Medium A (2) Medium B (6) | Medium C (7) 
pL-Serine Pee BPS. ee i Behn ne oe eS ED 
Titration, 0.1 n NaOH 

Y ml. | mil. ml. 

0 | 0.0 | 6.43 2.50 

4 0.35 | 6.56 3.01 
10 1.90 6.90 | 3.44 
20 4.01 6.63 | 3.75 
30 5.61 6.84 3.80 
40 5.92 6.97 3.70 
60 6.33 | 7.33 3.22 
80 6.90 | 7.63 | 3.17 
120 7.41 | 8.24 | 3.25 
160 7.87 | 8.70 | 3.62 
200 7.37 8.90 | 4, 








Tas_e II 
Inhibitory Effect of Adenine, Guanine, and Uracil 





No serine | 20 y DL serine 
Adenine, guanine, and uracil*® . 


Titration, 0.1 N NaOH 








| 


mg. | ml. 
0.0 4.04 | 5.92 
0.05 1.60 | 5.50 
0.10 0.75 | 5.33 
0.20 0.43 4.75 
0.30 0.15 4.63 
0.40 0.06 | 3.75 
0.50 0.0 3.31 
0.75 0.0 1.65 
1.00 0.0 0.0 





*The concentration represents the amount of each constituent present, with 
0.05 y of folic acid per 10 ml. tube. 


B) vary with the compound tested. With as little as 25 y of pL-serine 
present, the toxicity is considerably diminished (Fig. 1, Curve C). The 
toxicity of these compounds decreases in the order adenine, guanine, uracil, 
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with no toxicity shown by xanthine. These pronounced inhibitory effects 
of the purines and pyrimidine have been observed only in the absence of 
serine or with limiting serine. In Table III these effects are demonstrated 
for serine and are shown to be absent for threonine and valine. With 
threonine and valine the results are essentially independent of the adenine, 


guanine, and uracil concentration. 
rtd | 3 
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Fia. 1. The growth response of Streptococcus faecalis R to adenine (A), guanine 
(G), uracil (U), and xanthine (X) in the presence of the following: Curve B, no 
serine and 0.05 y of folic acid; Curve C, 25 y of pi-serine and 0.05 y of folic acid; 
Curve D, no serine and 5 ¥ of folic acid; Curve E, 25 y of pt-serine and 5 y of folic 
acid. The abscissa represents 0.5 mg. each of A, G, U, and X as indicated. 


In the absence of adenine, guanine, and uracil there is an appreciable 
change from the reported inhibition ratio of threonine to serine (1) of 2500. 
Such a change is evidenced by the titrations shown in the column for 0.05 
y of folic acid, Table IV. The titration of 1.32 ml. of 0.1 Nn NaOH was 
obtained under conditions previously reported; namely, 0.5 mg. each of 
adenine, guanine, and uracil and 0.05 y of folic acid. Adenine alone has 
essentially the same inhibitory effect of the three combined but the ad- 
dition of either guanine or uracil alone or complete absence of the purines 
and pyrimidine significantly increases the titration. These increases in 
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titration clearly indicate that a ratio of threonine to serine of 2500 is no 
longer inhibitory. 


TaBLe III 


Growth Response to Serine, Threonine, and Valine As Influenced by Adenine, 
Guanine, Uracil, and Folic Acid 





Adenine, guanine, and uracil 

















Amino acid | Folicacid | 0 mg. ! 0.1 mg. each 1.0 mg. each 
| Titration, 0.1 n NaOH 
in mg. Y | ml. | ml. ml. 

pL-Serine 0.0 | 0.05 | 500 | 258 | 0.78 
0.05 0.05 | 7.60 | 7.48 +‘| 4.96 

0.0 5.0 | 6.48 | 5.40 1.88 

0.05 5.0 | 7.95 | 8.10 7.20 

pui-Threonine | 0.0 0.05 1.00 1.25 1.00 
0.05 0.05 | 5.380 | 5.65 5.10 

| 0.0 5.0 | 1.05 | 1.25 0.95 

| 0.05 an 5.60 

pt-Valine 0.0 0.05 | 1.70 | 2.00 1.65 
| 0.05 0.05 | 4.94 5.46 5.16 

| 0.0 5.0 | 7 1.85 1.90 

| 0.05 5.0 | 4.65 | 5.40 5.35 

TABLE IV 


Effect of Adenine, Guanine, Uracil, and Folie Acid on Growth at 
Threonine-Serine Ratio of 2600 


25 mg. of pL-threonine and 0.01 mg. of pL-serine in each tube. 














| 0.05 y folic acid | 5.0¥ folic acid 
Purine and pyrimidine added® : 
Titration, 0.1 n NaOH 
mil, ml, 
Adenine, guanine, uracil............ 1.32 3.74 
EMR see ak a sar cid ais fn ya ower 1.84 5.48 
ON oe i. eta Necard ele bielasd SAGAS 4.85 6.44 
No Sch iain 3 teh shat foes ei aa 4.94 6.00 
NI OO ry re cee Sen eta 5.52 6.59 











*0.5 mg. of each as indicated per 10 ml. tube. 


Effect of Folic Acid—Concentrations of folic acid of 0.05 y per tube (6) 
and 0.1 y per tube (8), which are satisfactory under most assay conditions, 
do not suffice with limiting serine. Greatest growth is obtained under 
serine blank conditions with 5 y of folic acid (Table V). This effect is also 
shown in Table IV, where increased folic acid changes the inhibition ratio 
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of threonine to serine, and in Table III and Fig. 1, Curve D, where in- 
creased folic acid overcomes the toxicity of the purines and uracil in the 
presence of limiting or no serine.. 














| 








TABLE V 
Toxicity Test for Folic Acid and Folic Acid Concentrate 
roicasae | PUN: | rouensar | Timon, | Zalsectl | Tite 
Y ml. Y ml. Y ml. 
0.00 | 0.00 | [0.00 0.40 | 0 0.72 
0.05 | 0.00 | 0.05 3.60 | 2 5.71 
0.50 | 1.50 0.50 6.33 | 20 7.20 
5.00 | 3.58 5.00 6.80 200 7.40 
50.00 | 3.10 50.00 6.19 800 7.91 
500.00 | 0.78 500.00 | 2.65 | 2,000 8.40 
2500 .00 0.49 2500.00 | 0.66 | 20,000 9.30 


Tecate 
| 


| 
| 
} 


* 0.5 mg. each of adenine, guanine, and uracil present. 
7 0.1 mg. each of adenine, guanine, and uracil present. 


TaBLe VI 
Reversal of Folic Acid Toxicity by Serine and Folic Acid Concentrate 
The adenine, guanine, and uracil concentration is 0.1 mg. of each per 10 ml. tube. 




















pL-Serine* | Folic acid concentratet 
Folic acid a a ieee 
Titration, 0.1 N | Titration, 0.1N 

NaOH | NaOH 

Y 7 H ml, 7 | ml, 
500 0 2.03 20 2.16 
500 25 5.07 100 3.10 
500 50 6.47 200 3.66 
500 | 100 8.18 500 4.50 
500 | 200 9.28 1000 5.41 
5 | 0 5.40 20 6.66 
5 25 6.75 100 6.71 
5 | 50 7.61 6.85 
5 | 100 8.70 500 7.49 
5 200 9.60 | 1000 8.11 











* No folic acid concentrate present. 
T No serine present. 


It is to be noted (Table V) that high levels of folic acid become inhib- 
itory, while such is not the case with folic acid concentrate. Both serine 
and folic acid concentrate overcome the high folic acid inhibition 
(Table VI). 


Effect of Citrate and Fe**—Results in this laboratory have shown con- 
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sistently that citrate inhibits growth under limiting serine conditions. 
This is illustrated by the first set of titrations in Table VII. The report 
of Henderson and Snell (8), indicating competition between Mn** and 
citrate for some lactic acid bacteria, led to the experiments described in 
Table VIII. Under these conditions (no serine, 2 per cent citrate, 0.5 mg. 


TaBLe VII 
Effect of Citrate and Fe** on Serine Blank 
0.5 mg. each of adenine, guanine, and uracil; 5 y of folic acid per 10 ml. tube. 





} 








20 y* Fet* 500 > Fe** 
Citrate ee ae ee mee ee etter” ann ee oe ee 
Titration, 0.1N NaOH 
$e mg. ml. | q ml. 
0 3.68 3.40 
25 3.50 3.80 
50 3.20 4.25 
100 2.62 4.64 
200 2.62 5.10 
* Quantity present as Salts B. 
TaBie VIII 


Effect of Fe++, Mn**, and Mg** on Serine Blank 
2 per cent citrate, 5 y of folic acid, and 0.5 mg. each of adenine, guanine, and uracil 
present. 


Mn‘* Mg*+ | Titration, O.1N 





Salts B | a " Fe** NaOH 
ml. | mil. Y Y | y ml. 
0.0 1.35 20 25 200 1.35 
0.05 | 1.35 50 25 208 1.60 
0.0625 | 1.55 100 25 200 2.00 
0.125 | 2.30 500 25 | 200 4.45 
0.3125 | 3.33 20 50 200 1.35 
0.625 | 4.48 | 20 100 200 1.30 
1.25 | 4.42 | 20 500 200 1.40 

| | 20 25 500 1.32 
| | 20 25 800 1.88 
20 1.30 


25 1000 





| 
| 


of the purines and pyrimidine, and 5 y of folic acid) it is noted that an 
increase in the level of Salts B’ causes increased growth. As also noted 
from Table VIII, this response is due to Fe**. On the addition of 500 y 
of Fet++ (Table VII) the inhibitory effect of citrate is eliminated, and the 
typical response due to increased buffer capacity appears. 


1See (14). } 





— Ae =~ — ae 4 


a. aan. ans a 


B. R. HOLLAND AND W. W. MEINKE 13 


DISCUSSION 


Apparently serine is required by Streptococcus faecalis R for growth, al- 
though under certain conditions much of the needed serine may be syn- 
thesized. The various factors involved tend to complicate any explana- 
tion as yet conceived. The facts, however, indicate that folic acid is at 
least partially responsible for the serine synthesis. In no case has the 
need for excessive quantities of folic acid been demonstrated except under 
serine blank conditions. This is indicative of serine synthesis due to folic 
acid. An analogous situation might be the synthesis of lysine, threonine, 
and alanine by Lactobacillus arabinosus in the presence of pyridoxine (7, 
9). These amino acids were required in the absence of pyridoxine. 

Adenine, guanine, and uracil are usually incorporated in microbiological 
assay media. Snell and Mitchell (10) found Streptococcus faecalis to re- 
quire adenine and thymine in the absence of folic acid. Stokes (11) con- 
cluded that good growth cannot be obtained in the absence of purine 
bases with either thymine or folic acid. However, Rabinowitz and Snell 
(12), in assaying for vitamin Be, omitted adenine, guanine, and uracil from 
the medium because these substances never stimulated growth and were 
sometimes slightly inhibitory. Also, Henderson and Snell (8) have shown 
that the purines and pyrimidine bases, either omitted or added (up to 0.2 
mg. per 10 ml. tube), had no effect on the leucine assay by Streptococcus 
faecalis R. 

Under our conditions, somewhat different results were obtained. Ade- 
nine produced the most marked inhibition in tubes with little or no serine, 
and in no case did any of the purine and pyrimidine combinations, except 
xanthine alone, produce growth equivalent to the growth in their absence 
(Fig. 1). However, in the presence of adequate serine (Table III), the 
presence of 0.1 mg. each of adenine, guanine, and uracil was slightly stimu- 
latory, while the 0.5 mg. level was slightly inhibitory. The incorporation 
of 0.5 mg. per tube of these compounds in the basal medium by Baum- 
garten et al. (2) represents a marked change from most media and is largely 
responsible for the serine blank obtainable with this medium. 

It is not yet clear how adenine adversely affects the synthesis of serine. 
Folic acid partially overcomes the inhibition of adenine. The most plau- 
sible explanation the authors can give at present is that folic acid is a co- 
enzyme for the synthesis of a specific compound (probably purine-like) 
which is necessary for the synthesis of serine. ‘The adenine in the media 
would then become competitive with this “specific compound.” Unpub- 
lished data from this laboratory indicate that this compound is not thymine 
or hypoxanthine. 

The toxicity of the folic acid preparation, observed with limiting serine 
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conditions, is counteracted by serine (Table VI). The reversal of the 
folic acid toxicity by folic acid concentrate (potency 4000) is believed to 
be due to the presence of serine in the preparation, as an acid hydrolysate 
of the concentrate was as active in overcoming the inhibition as was the 
concentrate. 

The previously reported (1) threonine-serine ratio of 2500 which inhib- 
ited growth is merely a function of the basal medium. Any constituent 
which promotes the synthesis of serine would automatically increase the 
ratio, while any constituent which inhibits the synthesis of serine would 
decrease the ratio. These conditions do not alter the antagonism be- 
tween serine and threonine; they merely change the amount of serine 
present. 

The superiority of citrate as a buffer for Streptococcus faecalis R has been 
claimed by several workers (8, 13, 14). In a study of the mineral require- 
ments (MacLeod and Snell (14)) and in the leucine assay (Henderson and 
Snell (8)) with Streptococcus faecalis R, citrate buffer did not increase the 
need for Salts B. Extra manganese and magnesium were required with 
other lactic acid bacteria, owing to formation of complexes between citrate 
and these bivalent ions. The situation is quite different with serine assay 
conditions (Tables VII and VIII) in that citrate does inhibit growth and 
manganese or magnesium has no effect. The fact that iron eliminates 
the citrate toxicity suggests that iron is involved in the biosynthesis of 
serine. In this case the effect of citrate is secondary and only appears in 
the presence of inadequate iron and serine. 

Streptococcus faecalis R has been used in the microbiological assay for 
serine. As a result of present and previous findings, however, the method 
is subject to severe limitations, and the results obtained are of questionable 
accuracy, since under the proper conditions the organism is capable of 
synthesizing its serine requirement. A serine blank may be obtained by 
the use of a heavy dose of adenine. Under this condition folic acid is 
stimulatory. The incorporation of additional folic acid in the medium 
tends to destroy the blank, while excessive amounts of folic acid become 
toxic. Citrate may also be used to obtain a serine blank. This, however, 
is counteracted by the addition of iron. Finally, threonine is antagonistic 
to the utilization of serine. If the threonine content of the medium is 
increased sufficiently to eliminate any effects produced by the addition 
of threonine in the sample, a lag section appears in the standard curve 
which decreases the sensitivity of the assay. It is our opinion that Strep- 
tococcus faecalis R is not a satisfactory organism for the assay for serine. 


SUMMARY 


1. Folic acid has been shown to be effective in promoting the synthesis 
of serine by Streptococcus faecalis R. 
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2. Adenine and to a lesser extent guanine and uracil inhibit the syn- 


thesis of serine. 


3. Citrate, under limiting serine conditions, is inhibitory to growth of 


Streptococcus faecalis R. This inhibition is reversed by ferrous iron. 


4. The effect of various medium constituents on the serine assay was 


discussed. 


— WwW bd 


10. 
11. 
12. 
13. 
14. 
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THE NITROGENOUS CONSTITUENTS OF THE TISSUE LIPIDES 


I. THE EXTRACTION, PURIFICATION, AND HYDROLYSIS OF TISSUE 
' LIPIDES* 


By J. M. McKIBBIN ann WANDA E. TAYLOR 


(From the Department of Biochemistry, Syracuse University College of Medicine, 
Syracuse) 


(Received for publication, September 3, 1948) 


Data are available from a number of laboratories (1-4) on the content of 
lipide nitrogenous substances in isolated tissues of several species or in 
lipide fractions of tissues. Artom has described techniques for the deter- 
mination of tissue lipide choline, total phospholipide and sphingomyelin 
(5), and lipide ethanolamine and serine (6). Artom and Fishman have 
also determined total phospholipide and lipide choline in an extensive 
study of the composition of rat liver lipides in certain nutritional states 
(7-12). In this and in subsequent reports we wish to describe a study of 
the nitrogen base pattern of dog tissue lipides under a variety of experimen- 
tal conditions. 

In order to determine total lipide nitrogen and some individual bases it 
is necessary to free the lipide extract of its nitrogenous impurities. Page 
et al. (13), Van Slyke et al. (14), Folch and Van Slyke (15), and Christensen 
(16) have found heavy contamination of plasma lipide extracts with non- 
lipide nitrogen, principally urea. Swingle and Pfiffner (17) found adrenalin 
present in adrenal lipide extracts. Evidently a variety of nitrogenous 
substances ordinarily insoluble in lipide solvents are soluble in solutions 
of phosphatides. Many investigators have recognized this contamination, 
but little has been reported in the direction of (a) quantitative removal of 
impurities, or (b) measurement of the loss of lipides incurred in the purifica- 
tion procedure. Folch and Van Slyke (18) have reported a method of 
precipitation of plasma lipides and proteins which minimizes contamination 
with nitrogenous impurities. The losses of the lipides were not quantita- 
tively described. Sinclair (19) purified emulsions of plasma phosphatides 
by dialysis against water. Losses of weight, nitrogen, phosphorus, and 
choline were determined, but the actual amounts of lipide and impurities 
lost are uncertain. We have not used precipitation techniques because of 
the danger of incomplete precipitation of the variety of lipides containing 
nitrogen. We have not used dialysis because it is not certain that all 
impurities in lipide extracts are dialyzable and because there is no as- 


* This work was supported by a grant from the Life Insurance Medical Research 
Fund. 
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surance that lipide losses might not occur in this process. We have purified 
lipide extracts in chloroform.with minimum lipide loss by extraction in an 
emulsified state with 0.25 m MgCl. The lipide lost was measured by 
analyzing the MgCl, extracts for fatty acid and phosphorus. 

We have determined total lipide nitrogen and phosphorus on these 
purified extracts-of several dog tissues. In addition we have studied the 
conditions of hydrolysis of the lipides for the quantitative determination of 
choline. | 


EXPERIMENTAL 


Preparation of Lipide Extracts—The animals were sacrificed by severing 
the carotid artery under deep magnesium or ether anesthesia. The tis- 
sues were quickly removed; a portion of 20 to 40 gm. was cut into con- 
veniently sized pieces for grinding and dropped on dry ice in a mortar. 
The frozen tissue was then ground with dry ice, and the frozen powder 
added to alcohol-ether 3:1 in a ratio of roughly 40 ml. per gm. of fresh 
weight of tissue. By this procedure it was hoped to minimize artifacts 
produced by postmortem enzymatic hydrolysis of the tissue lipides de- 
scribed by Fairbairn (20). The ground tissue in alcohol-ether was then 
refluxed for 14 hours, and filtered through sintered glassware. All of the 
tissue residue was transferred to the filter by rinsing the extraction flask 
with small portions of alcohol-ether. The residue was then dried in an 
oven at 50° and extracted in a Soxhlet extractor with CHCl; for 6 hours. 
Fatty acid analyses of the saponified residues by the oxidation method of 
Bloor (21) showed that only insignificant amounts of lipides remained in 
the residue. If the amount of unextracted fatty acid is calculated as 
monoaminophosphatide, the unextracted lipides represented from 0.23 
to 0.63 per cent of the total amounts extracted. 

The-combined alcohol-ether and chloroform extracts were concentrated 
under reduced pressure in a stream of nitrogen. The residues were dis- 
solved in chloroform and made to a convenient volume, usually 100 ml. 

Purification of Lipide Extracts—Aliquots of the chloroform extract con- 
taining 0.4 to 2.0 mm of lipide nitrogen were placed in 250 ml. centrifuge 
bottles and diluted to about 80 ml. with chloroform. 80 ml. of 0.25 m 
MgCl, were added and the bottles were stoppered and shaken until rela- 
tively stable emulsions were produced. After standing for several hours 
at room temperature the emulsions were broken by freezing in a dry ice 
chamber, thawing, and centrifuging. The clear supernatant was removed 
by a pipette. Usually additional freezing, thawing, and centrifuging 
processes were required to break the emulsion completely. The whole 
process was repeated six or seven times for routine purification of the ex- 
tracts. The purified lipide extracts in chloroform solution were trans- 





ferr 
solv 
and 


ing 
poo 
dah 
in t 
sup 
pho 
ter 
acic 
acic 
of f 
refe 
Thi 
fror 
tior 


first 
do} 
the 
row 
to ¢ 
tiss 
mus 


if tl 
aris 
phe 
pha 
ran, 
beli 
rep: 
inc? 
ami 
the 
mig 
am 
mat 


meé 


we 


Oo Ww = 


J. M. MCKIBBIN AND W. E. TAYLOR 19 


ferred quantitatively to 200 ml. volumetric flasks. Aliquots from this 
solution were then used for analysis of total nitrogen, total phosphorus, 
and choline. 

The efficiency of this procedure in removing impurities and in minimiz- 
ing loss of lipides to the aqueous phase was studied by analysis of groups of 
pooled MgCl, extracts. Total nitrogen was determined by a micro-Kjel- 
dahl procedure with selenium as catalyst and determination of ammonia 
in the distillate by nesslerization. Total phosphorus was determined by a 
superoxol-sulfuric acid digestion and analysis of the digest for inorganic 
phosphorus by the Fiske and Subbarow method. Fatty acids were de- 
termined by saponification of the concentrated washings with NaOH, 
acidification, and extraction of the free fatty acids with chloroform. The 
acid-water-washed chloroform extracts were then used for determination 
of fatty acids by the procedure of Bloor (21). Oxidizable material was 
referred to a standard determination by use of Eastman palmitic acid. 
This procedure was found to give the theoretical recovery of fatty acids 
from solutions of water-soluble soy bean phosphatides in similar concentra- 
tions. The results of these analyses are summarized in Table I. 

It is apparent that the bulk of contaminant nitrogen is removed in the 
first three extractions with 0.25 m MgCl. However, significant amounts 
do remain and should be removed by further extractions. On the basis of 
the results given in Table I, six to nine extractions would be adequate for 
routine purification. Further extractions bring out nitrogen equivalent 
to only 1 or 2 per cent of the lipide nitrogen present. In the case of those 
tissue lipides which are more difficult to emulsify, e.g. intestine and skeletal 
muscle, several more extractions may be necessary. 

The lipide losses incurred in the purification procedure can be calculated 
if the total fatty acids lost in the nine to twelve extractions are assumed to 
arise exclusively from monoaminophosphatide and the total lipide phos- 
phorus in the purified extract is all assumed to be from monoaminophos- 
phatide (Table I). It can be seen that the maximum phospholipide losses 
range from 0.92 to 3.64 per cent in the several tissues, a range which we 
believe is sufficiently low to be satisfactory. If the total fatty acids lost 
represent in part plasmal fatty aldehyde, the above lipide losses would be 
increased, depending upon the relative amounts of plasmal and mono- 
aminophosphatide lost. Even if all of the lipide material were plasmal, 
the above figures would only be doubled, a magnitude of loss which still 
might not be considered prohibitive. Actually the phosphorus content of 
a number of the extracts is too low with respect to fatty acid or oxidizable 
material to be entirely plasmal phosphorus. 

In assessing the loss of lipide material it should be emphasized that the 
measurement of the lipide substances in the extraction medium, as we have 
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done, is more precise than measurement of the change in the composition 
of the lipide extract itself. 

The amount of non-lipide nitrogen remaining in the purified extracts is 
not known. The extractable nitrogen has been decreased to a negligible 
amount, but impurities may remain which are not extractable with 0.25 
M MgCl. The ratios of nitrogen to phosphorus in the washed lipide ex- 
tract conform roughly to the expected values calculated from the estimated 
amounts of monoaminophosphatide and sphingolipides (22). We are, 
therefore, assuming as a working hypothesis that lipide extracts prepared 
in this manner are essentially free of nitrogenous impurities. 

When water alone was used as a washing medium the loss of lipides was 
prohibitive. The fatty acid in the washings being calculated as mono- 
aminophosphatide, the losses for liver were 3.9, brain 26.5, kidney 8.6, 
muscle 14.4 per cent for six washings, and heart 6.2 per cent after seven 
washings. We also attempted to purify the extracts with aqueous acetone 
solutions. Due to the high solubility of acetone in chloroform it was 
necessary to dissolve the lipides in petroleum ether. In an experiment 
with liver lipides washed only twice with (a) water, (b) 0.058 mole fraction 
of acetone in water, and (c) 0.125 mole fraction of acetone, the total lipide 
losses based on fatty acid-containing substances in the washings amounted 
to 3.35, 14.4, and 2.88 per cent, respectively, calculated as monoamino- 
phosphatide. These losses, again, were considered prohibitive. The su- 
periority of MgCl, solution to these other washing media in minimizing 
lipide losses may be explained as a “‘salting-out”’ effect. or due to the forma- 
tion of water-insoluble complexes with several of the lipides. Magnesium 
sulfate solutions were used by Folch and Van Slyke (18) as a washing 
solution. 

Determination of Total Lipide Nitrogen—Total lipide nitrogen was de- 
termined by the Kjeldahl digestion with the digestion mixture recommended 
by the Association of Official Agricultural Chemists (23) for the macro- 
Kjeldahl method and with selenium as catalyst. For 100 ml. Kjeldahl 
flasks, 5 ml. of concentrated H.SO,, 2.5 gm. of anhydrous Na,SOx,, and 0.1 
gm. of CuSOQ,-5H.O were added conveniently as concentrated aqueous 
solutions. When the water was boiled off, an aliquot of the chloroform 
solution of the lipides sufficient to give 0.3 to 1.0 mg. of nitrogen was added 
along with 30 to 40 mg. of powdered selenium. More selenium was added 
after clearing, and the digestion was continued for 2 hours. The Kjeldahl 
digests were distilled from alkali into 8 ml. of 0.1 N HCl, and the distillate 
transferred to 50 ml. volumetric flasks. Suitable aliquots of this solution 
were nesslerized by the addition of 3 ml. of Nessler’s reagent and water to a 
volume of 25 ml. The color was read in a Coleman universal spectropho- 
tometer at 490 mu. The range of 40 to 60 y of nitrogen gave transmission 
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readings of 64 to 53 per cent, respectively, which has been most suitable for 
our use. 

This procedure is effective in the quantitative conversion of choline 
nitrogen to ammonia, whereas we have observed that several of the rapid 
micro digestion procedures are not. The inclusion of selenium is desirable 
because it contributes notable catalytic effects in this conversion. Erratic 
and low conversion has been experienced with the Folin-Denis (24) diges- 
tion procedure with sulfuric and phosphoric acids, the Koch-McMeekin 
(25) with sulfuric acid and hydrogen peroxide, and the Van Slyke (26) with 
sulfuric acid and potassium persulfate. 

Determination of Total Lipide Phosphorus—Total phosphorus was de- 
termined on an aliquot of the purified lipide extracts containing 15 to 20 y 
of phosphorus. The digestion procedure was essentially that of Young- 
berg and Youngberg (27) with use of 0.6 ml. of 1:1 H,SO, with usually a 
total of 5 drops of Merck’s reagent superoxol and a total digestion period 
of 3 minutes after clearing. After dilution and boiling to decompose 
pyrophosphate, | ml. of 10 per cent NaOH was added and the color devel- 
oped with the reagents of Fiske and Subbarow (28) to a color volume of 
10 ml. and read in the Coleman spectrophotometer at 660 mu. 

Hydrolysis—Suitable aliquots of the purified lipides in chloroform were 
placed in 200 ml., standard taper, round bottom flasks, and the solvent 
removed under reduced pressure and 65 ml. of saturated barium hydroxide 
added. A few glass beads were placed in the flask and the solution re- 
fluxed on a sand bath for 5 hours. With cerebrum lipides, however, a 7 
hour hydrolysis was used. 6.5 ml. of concentrated HCl were added and the 
refluxing continued for 13 hours. The fatty acids and sphingosine were 
removed by chloroform extraction (22) and the hydrolysate analyzed for 
choline essentially by the procedure described by Handler (29). 

The quantitative determination of several of the nitrogenous bases of the 
tissue lipides must depend upon the quantitative hydrolysis of the lipide. 
Various procedures for hydrolysis of the lipides have been reported. 
Thannhauser and coworkers (30) refluxed the lipides for 3 hours with a 
solution of gaseous HCl in methanol and stated that this was the only 
reagent used in their series which would give quantitative hydrolysis of 
sphingomyelin. Artom (5) also refluxed the lipides with 6 N HCl in 
methanol for 3 hours. . Chargaff, Ziff, and Rittenberg (1) used 2 N aqueous 
H.SO, for 40 to 48 hours in the quantitative hydrolysis of brain and heart 
phosphatides. Williams and his associates (31, 32) used a short hydrolysis 
in aqueous alcohol medium with Ba(OH):. Entenman et al. (33) heated 
the lipides in saturated Ba(OH),. over a steam bath for about 2 hours. 
Sperry and Brand (34) used saturated Ba(OH). with a heating period of 2 
hours for the determination of choline in brain lipides. In their experi- 
ments acid hydrolysis procedures were not satisfactory. 
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The liberation of inorganic phosphorus would be ideal as a criterion for 
the completeness of hydrolysis, since all of the nitrogenous substances are 
esterified to phosphorus except sphingosine in the glycolipides. The re- 
markable stability of a- and 8-glycerophosphoric acid (35) and phosphoryl- 
choline (36) to acid hydrolysis makes complete recovery of lipide phos- 
phorus as inorganic phosphorus practically unattainable. We have found 
that inorganic phosphorus values in these hydrolysis procedures may be 
only one-third of digestion phosphorus values when choline liberation is 
maximum. With barium hydroxide hydrolyses the liberation of inorganic 
phosphorus is difficult to measure, probably because of absorption losses on 
barium precipitates. We have used the maximum liberation of choline 
as the criterion of hydrolysis as have other investigators (30-34), since 
choline appears to be completely stable to a 7 hour sand bath refluxing 
with saturated barium hydroxide. 

In our experience aqueous H,SO, and HCl methanol gave erratic and 
incomplete hydrolysis, when short heating periods were used. Prolonged 
refluxing (48 hours) with 2 nN or 4 N H,SO, gave quantitative results, but 
we considered it desirable to shorten the period of hydrolysis. Refluxing 
the lipides with saturated barium hydroxide on a sand bath for 4 hours 
appeared to give maximum liberation of choline in all of the tissue extracts 
except cerebrum, in which case we occasionally obtained low results. 
Routinely we have used a 5 hour hydrolysis period for all tissue extracts 
except cerebrum and a7 hour period for cerebrum. These hydrolysates 
give maximum values for choline and good recovery of added choline. 

Analysis of Dog Tissues—By the use of the foregoing analytical pro- 
cedures the total lipide nitrogen, phosphorus, and choline in tissues of 
several normal adult dogs subsisting on stock ration have been measured 
and are given in Table II. 


DISCUSSION 


It may be noted from the data on the purification experiments that the 
first extractions with MgCl, contain considerably more phosphorus than 
do the later extractions (Table I). These amounts of phosphorus are 
considerably greater than the maximum possible amounts of phospholipide 
in the MgCl, extract calculated on the basis of fatty acid found. This 
indicates the presence of measurable non-lipide phosphorus impurity in 
the lipide extracts. The minimum amount of non-lipide phosphorus pres- 
ent in the washings can be calculated by assuming that all the oxidizable 
lipide material present is plasmal fatty aldehyde (one fatty aldehyde per 
phosphorus). This minimum per cent of impurity phosphorus in the orig- 
inal extracts shown in Table I varies from 1.40 to 10.7 per cent of the 
total phosphorus in the original lipide extract. If the fatty acids in the 
washings were present aS monoaminophosphatide (two fatty acids per 
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phosphorus), this minimum phosphorus impurity would be doubled. The 
impurity phosphorus present in the extracts of the same tissues from 
different animals varies considerably. Thus, the common procedure of 
calculating phospholipide concentrations from a determination of total 
phosphorus in crude lipide extracts might not be valid for some extracts. 
Contamination of lipide extracts with inorganic phosphorus is even a more 
troublesome factor in phospholipide turnover studies with radioactive 
inorganic phosphorus (37, 38). 

Expression of concentration of the various lipide bases in terms of mi- 
cromoles per gm. of dry lipide-free residue has been taken as a course of 
accuracy, convenience, and for a more significant method of expressing 


TABLE III 


Average Lipide Phosphorus and Choline Content of Several Tissues of Rats (4),* 
Dogs, and Cattle (2)t 





Lipide P per gm. dry lipide-free Lipide choline per gm. dry lipide- 


| residue free residue 
Tissue |. er er ee - < 
| Artom (4) | This study | a Artom (4) | This study pg 
| BM } uM uM uM uM uM 
Skeletal muscle 60 , 69.8 51.8 28.6 33.3 32.6 
Heart 98 | 145 | 161 28.0 69.7 73.5 
Brain 590 | 725 746 211 269 340 
Liver 153s «135 289 91.8 73.9 171 
Kidney 131 , 200 171 69.6 93.5 121 
Spleen 63 113 24.0 56.8 
Lung 90 152 158 54.2 87.4 94.5 
5 78.6 


Intestine 111 108 56. 


* Calculated from assumed percentages of moist tissue represented by the dry 
lipide-free residue. 
+ Calculated directly from the data given. 


results. It greatly expedites the quantitative manipulation of frozen fresh 
tissue powder, since only the tissue which is extracted contributes lipide 
material and is weighed as the residue. It is essentially an expression of 
moles of lipide base per gm. of cellular metabolic substance and automat- 
ically rules out artifacts resulting from changes in dry weight or neutral 
fat in a tissue. 

The results given in Table II show some rather surprising variations in 
the absolute amounts of lipide N, P, and choline in the tissues of the three 
dogs, particularly in liver, kidney, pancreas, and heart, and to a less ex- 
tent the cerebrum. Whether or not this variation will occur in litter 
mates under controlled experimental conditions remains to be seen. The 
above animals were selected from stock at random and thus a variety of 
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factors might contribute to these differences. Although the number of 
animals is extremely limited, the data suggest that the variation is greater 
in the absolute quantity of N, P, and choline per gm. of dry lipide-free 
residue than in the relation of these substances to each other. The N:P 
ratios and the per cent of total N represented by choline seem to be a more 
constant quantity from animal to animal. It may be that the pattern of 
these lipides is fairly constant and that variation may arise in the actual 
amount of this mixture laid down in the tissue. 

The actual amounts of lipide phosphorus and choline present in the 
several tissues may be compared with the amounts calculated from the 
data of Kaucher et al. (2) in beef tissues. The data of Artom (4) from rat 
tissues cannot be used without assuming the per cent of moist tissue rep- 
resented by the dry lipide-free residue. However, a rough comparison of 
the average values can be made and the data are summarized in Table ITI. 
The variation in the values for most of the tissues is considerable and sug- 
gests the possibility of important species and individual variations as well 
as differences resulting from the analytical methods used. 


SUMMARY 


The preparation and purification of lipide extracts of dog tissues is 
described. The extracts in chloroform solution are freed of non-lipide 
impurities by extraction in an emulsified state with 0.25 m MgCl.. After 
six or seven such extractions the amount of nitrogenous material extracted 
becomes negligible. In unpurified extracts the non-lipide nitrogen is al- 
ways considerable and may be several times greater than the lipide nitro- 
gen. The non-lipide phosphorus is present in much smaller quantities 
and amounted to 1.4 to 10.7 per cent of lipide phosphorus in the extracts 
analyzed. The maximum total losses of lipides incurred in the purification 
as measured by fatty acid or oxidizable material passing into the aqueous 
phase is 0.9 to 3.6 per cent of the total calculated as monoaminophospha- 
tide. The purification technique is, therefore, considered satisfactory for 
the nine tissues reported. 

A technique for the determination of total lipide nitrogen is described. 
The amounts of nitrogen, phosphorus, and choline present in lipide extracts 
of nine tissues from several dogs are presented. 
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THE NITROGENOUS CONSTITUENTS OF THE TISSUE LIPIDES 


II. THE DETERMINATION OF SPHINGOSINE IN TISSUE LIPIDE 
EXTRACTS* 


By J. M. McKIBBIN ano WANDA E. TAYLOR 


(From the Department of Biochemistry, Syracuse University College of Medicine, 
Syracuse) 


(Received for publication, September 3, 1948) 


Our projected studies on the quantitative distribution of the various 
nitrogenous bases in tissue lipides necessitated a method for the quantita- 
tive determination of sphingosine. Since we have been unable to find a 
single report in the literature on this problem, we have undertaken the 
development of such a method. It is the purpose of this paper to describe 
a relatively simple procedure for an approximate determination of sphingo- 
sine, together with some preliminary results of the application of the method 
to lipide extracts of dog tissues. 

Sphingosine, 1 ,3-dihydroxy-2-amino-4 ,5-octadecene, and dihydrosphin- 
gosine (1), 1,3-dihydroxy-2-aminooctadecane, occur in tissue lipides as 
fatty acid amides and their derivatives. The general classes of compounds 
include the glycosides or cerebrosides, the sphingomyelins, and possibly 
others. Since these substances probably represent a considerable number 
of chemical individuals in any tissue, and since they have quite different 
solubility properties, we have made no attempt to separate the parent sub- 
stances from the non-sphingosine-containing lipides of the tissue lipide 
extract, but have sought to determine total sphingosine after hydrolysis 
of all of the lipides present. The method to be described consists essen- 
tially of a separation of sphingosine from the other bases present in the 
hydrolysate by CHCl; extraction, followed by the determination of sphingo- 
sine in the extract as nitrogen. 


Procedure 


The lipides were extracted, purified, and then hydrolyzed with 65 ml. of 
saturated barium hydroxide solution as described previously (2), and 6.5 
ml. of concentrated HCl were added and the refluxing was continued for 
13 hours. The splitting of the glycoside linkage from the cerebroside 
products would thus be assured. The contents of the hydrolysis flask 
were then transferred to a 125 ml. separatory funnel with about 10 ml. of 
CHCl;. The flask was dried in an oven at 60° overnight and the dry flask 


* This work was supported by a grant from the Life Insurance Medical Research 
Fund. 
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and reflux condenser were rinsed first with glass-distilled reagent CHCl,, 
then with warm water. The rinsings were added to the separatory funnel. 
The volumes of the aqueous and CHCl; phases were about 75 and 20 to 25 
ml., respectively. The extraction of sphingosine was accomplished by 
vigorous shaking, and the CHCl; layer was then withdrawn into a 50 ml. 
centrifuge tube; 10 to 15 ml. more CHCl; were added to the separatory 
funnel, and the extraction repeated. No emulsions were produced under 
these conditions although troublesome emulsions may be encountered 
with other solvents. The combined CHC\; extracts were cleared of a faint 
cloudiness (perhaps due to traces of BaCO; or water) by centrifuging. The 
clear chloroform solution was withdrawn by pipette into a 50 ml. volume- 
tric flask. A third extraction of the aqueous phase was made with 10 to 
15 ml. of chloroform, and this extract was centrifuged and transferred 
to the volumetric flask; chloroform was finally added to the 50 ml. mark. 
Suitable aliquots were then evaporated in 20 mm. Pyrex test-tubes con- 
taining 0.7 ml. of 1:1 H.SO, and a glass bead, and the digestion for nitro- 
gen carried out according to the method of Koch and McMeekin (3). The 
digestion was usually carried out with 10 to 12 drops of Merck’s reagent 
superoxol. Care was taken to add the superoxol at the immediate ap- 
pearance of charring and fumes as recommended by Miller and Miller 
(4). After most of the carbonaceous material was oxidized, the boiling 
of the acid was maintained at a vigorous rate to insure rinsing down and 
digestion of fatty acid deposited along the length of the tube. After 
digestion, the acid was diluted with 7 to 10 ml. of distilled water, cooled, 
and neutralized with 7 ml. of 1.0 Nn NaOH. The mixture was transferred 
to a graduated 25 ml. tube and 2 drops of gum ghatti and 3 ml. of Nessler’s 
solution were added. The solution was then centrifuged for 5 minutes 
at 2000 r.P.M. to remove the very faint cloudiness due probably to traces 
of BaSQ,. 

The nitrogen content was then determined by reading absorption in the 
Coleman spectrophotometer at 490 mu against a water blank and assessing 
nitrogen from a standard curve. Nitrogen analyses of each extract were 
performed in triplicate. 


EXPERIMENTAL 


The specificity of the extraction procedure was tested by adding known 
amounts of ethanolamine, choline, and serine to a synthetic hydrolysis 
mixture containing pure stearic acid and triacetyl sphingosine. Triace- 
tylsphingosine was prepared from crude beef brain cerebrosides, the glacial 
acetic acid precipitate fraction described by Levene (5), by the procedure 
of Carter and associates (1). 

It can be seen from Table I that the extraction is quantitative and com- 
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pletely specific for sphingosine in the presence of the other bases known to 
be present in tissue lipide hydrolysates. It is interesting that quantitative 
extraction of sphingosine with chloroform can be obtained from a solution 
essentially 0.5 n with respect to HCl, at which sphingosine should exist as 
anion. ‘This extraction is also specific and quantitative at high pH ranges 
in which sphingosine would carry no charge. 


TABLE I 
Recovery of Sphingosine from Hydrolysis Mixtures 














| Total sphingo- 
Hydrolysis mixture | sine in hydrol- Sphingosine recovered 
oe | ysate extract | 
samples SS a ne Be 
- |  Triacetyl- | 
Lipides* | sphingosine Average Average | Range 
| added 
| uM | uM per cent per cent 
3 | None | 9.07 | 9.24 100.4 | 100.0-103.3 
2 | 51 mg. stearic acid | 8.98 8.62 96.1 | 93.1- 99.0 
3 | 60.5umethanolamine,74.9| 8.98 | 8.61 | 95.9 | 92.4- 98.5 
uM choline, 30.0uM serine, | 
51 mg. stearic acid 
+ 4 ml. cerebrum lipides 11.69 
1 is* « “ | 15.38 | 
3 - ” | 8.98 | 20.29 94.5 | 91.3-101.0 
2 15 ml. kidney lipides | | 9.21 | 
2 ie * - Es 9.07 15.11 | 85.5 | 84.6- 86.4 
Smee " | 8.98 | 16.04 | 96.8 | 
2 | 15 “ intestine lipides | 7.66 | 
1 | ro ~ | 9.07 15.51 | 86.6 
ia = " 9.07 14.64 93.8 | 
1 | 25 “ heart lipides 9.79 | 
2 | «© «  « | 7.71 | 
2 | 20 ‘* a ” 9.07 16.64 98.1 | 95.8-100.4 
3 | 25 “ skeletal muscle 7.71 | 
| lipides | 
1 25 ml. skeletal muscle | 9.07 | 16.53 98.0 
lipides | | 


*1 ml. of the lipide extracts is equivalent to the following quantities of dry lipide- 
free tissue: cerebrum 8.92 mg.; kidney 15.54 mg.; intestine 23.6 mg.; heart 19.6 mg., 
and skeletal muscle 27.6 mg. 


Data from the determination of sphingosine in purified tissue lipide ex- 
tracts and recovery experiments with triacetylsphingosine added to these 
extracts are also given in Table I. The recovery of sphingosine ranged 
from 84.6 to 101.0 per cent and averaged 93.0 per cent. Although this is 
lower than is desirable for the determination to be considered absolutely 
“quantitative” in the usual sense of the word, the method may be con- 
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sidered to give approximate values for sphingosine. Sphingosine, like 
choline, appears to be stable to the whole hydrolysis procedure. Some 
variations in the volume of Ba(OH), used, the time of acid hydrolysis, and 
the total volume of CHC\,; used in the extraction of sphingosine have been 
employed. The total CHCl; volume does not appear to be critical within 
the range of 25 to50 ml. The large volume of Ba(OH), used routinely is 
necessary for those tissues containing little sphingosine and for which 
larger lipide aliquots have to be used. Lower recoveries have been ob- 
served with kidney lipide hydrolyses with use of only 20 ml. of Ba(OH)». 
We have analyzed all extracted aqueous phases for choline by the method 
previously reported (2) as a hydrolysis control, since these extracts were 
the same as those used in the study of lipide hydrolysis for the determination 


TABLE II 
Total Sphingosine Content of Dog Tissues 


Total sphingosine per gm. , Sphingosine N, og eas Total sphingosine 


ee dry lipide-free residue of total lipide N from cerebrosides 
Z ; and sphingomyelins 
Dog 4 | Dog 5 Dog6 Dog4)| Dog5 | Dog6 of beef tissue* 
| uM | uM uM 
Cerebrum............... | | 331 | 426 32.8 35.3 436 
Skeletal muscle..........| b S23) --6:3 je | 17.0 
cS ee 122.5 24:6 19-66 | 29:7 | E36 | 4057 
| Re ee | | 39.4 30.2 19.1 | 12.6 36.5 
PNG 5c date specie 137.8) 7 16:7 | 33°89) 9820 7 37.5 
NGS ss cksecheceeess |} 24.1} 21.6| 23.7 | 19.3 | 17.1 | 17.0 22.8 
Seat hearing Seahee | 9.3 $2 11.4 
MM Ri cree ete eSs4s.: | 29.3 25.5 | 19.5 17.6 
er ey ear eee 42.2 32.3 | 21.2 18.3 41.0 





* Calculated from the data of Kaucher et al. (9); expressed as average micromoles 
per gm. of dry lipide-free residue. 


of choline. In several instances not reported in Table I, hydrolysis was 
incomplete with 20 ml. of saturated Ba(OH)». 

The duration of acid hydrolysis may or may not be critical. The 13 
hour hydrolysis recoveries have always been satisfactory; however, our 
data do not prove that a } hour hydrolysis is unsatisfactory. Whether or 
not the acid hydrolysis is necessary at all would, of course, depend on the 
partition of psychosin between CHCl; and water. It would certainly be 
expected to be more soluble in the acid aqueous phase than sphingosine 
itself. For routine determinations we are arbitrarily using 13 hour hydrol- 
yses. 

A summary of analyses of dog tissue lipide extracts for total sphingosine 
is reported in Table II. These extracts were previously analyzed for total 
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lipide nitrogen, phosphorus, and choline (2). Sphingosine is therefore 
expressed in terms of micromoles per gm. of dry lipide-free tissue. 


DISCUSSION 


Several factors must be considered in evaluating this method for the 
determination of sphingosine. The specificity of the method for the 
sphingosines alone depends on two assumptions: (1) that lipide extracts 
prepared and purified as described (1) are free of impurities which would 
contribute nitrogen to chloroform extracts of their hydrolysates, and (2) 
that tissue lipides contain no bases other than sphingosine which are ex- 
tractable with chloroform from aqueous solutions at low pH. The first 
assumption is most probably valid because a minimum of nitrogenous 
impurity remains in these purified extracts. Also, after prolonged hy- 
drolysis the breakdown products of most nitrogenous impurities would 
probably exist in ionic state at the extraction pH and not pass into the 
chloroform layer. The second assumption holds for all the nitrogenous 
substances in lipides which have been characterized. However, the ‘‘neu- 
raminic acid” isolated by Klenk (6) as a component of gangliosides con- 
tains primary amino nitrogen. Whether this substance or its hydrolysis 
breakdown products, if there are any, would be chloroform-extractable 
cannot be stated. Only an amine of predominantly hydrocarbon charac- 
ter such as sphingosine would be expected to show preference for solvents 
over water with its amino group charged. 

In this connection it may be noted that the spleen lipides of Dogs 4 and 6 
contained only 19.5 and 17.6 per cent of sphingosine nitrogen, whereas the 
nitrogen to phosphorus ratio of these extracts was 1.31. If sphingosine 
were to account for all “extra” nitrogen over a N:P ratio of 1.00, then the 
percentage of sphingosine nitrogen should have been 23.6 per cent of lipide 
nitrogen. This discrepancy greatly exceeds the error of the methods. 
Hence, another nitrogenous substance is present which is not included in 
the sphingosine determination. Since beef spleen contains gangliosides (7), 
it is probable that they are also present in dog spleen and the neuraminic 
acid component may be the source of at least part of this extra nitrogen. 
In general, however, the lipide extracts of the other tissues with high N:P 
ratios have sphingosine contents approximating the ‘‘extra” nitrogen over 
the ratio of unity. 

Dihydrosphingosine would be expected to accompany sphingosine in the 
chloroform extraction of the acid hydrolysate and both forms of sphingo- 
sine should, therefore, be determined by this method. However, the 
matter cannot be considered settled until data are obtained with pure 
dihydrosphingosine. 

The actual determination of nitrogen in the chloroform extracts is some- 
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what inconvenienced by the fatty acids present and subject to the usual 
mechanical objections to all test-tube digestion analyses. However, we 
have found reliability in triplicate analyses on each extract and the sensi- 
tivity of the method described should make it useful. In our hands the 
average deviation from the mean nitrogen value is usually not over 2.5 
per cent and is occasionally as low as 1.5 per cent. The analysis of the 


chloroform extracts for nitrogen by a Kjeldahl type of digestion and distil- 


lation should increase the precision of the method, but would greatly in- 
crease the amount of lipide extract needed for the determination. 

Sphingosine might also be determined by the chromic acid oxidation 
described by Bloor (8) for the determination of fatty acids. We have 
found that this reagent oxidizes sphingosine and triacetylsphingosine 
completely to CO., HO, and NH;. The oxidation is quantitative and 
reproducible when a 45 minute oxidation period is used. However, fatty 
acids would have to be removed before such a measurement of sphingosine 
could be applied to lipide hydrolysates. It may be noted that sphingosine 
would be a contaminant in the determination of fatty acids by this method, 
since the acids are usually extracted from acidified hydrolysates. The 
error thus introduced would be considerable in the determination of fatty 
acids in some tissues. 

Expression of concentration of the various lipide bases in terms of 
micromoles per gm. of dry lipide-free residue has been taken as a course of 
accuracy, convenience, and for a more significant method of expressing 
results. It greatly expedites the quantitative manipulation of frozen 
fresh tissue powder, since only the tissue which is extracted contributes 
lipide material and is weighed as the residue. It is essentially an expression 
of moles of lipide base per gm. of cellular metabolic substance and automat- 
ically rules out artifacts resulting from changes in dry weight or neutral 
fat in a tissue. 

The results obtained from the application of this method to the analysis 
of dog tissue lipides cannot be directly compared with results from other 
methods. However, one can roughly compare them with the sphingosine 
equivalent of the sum of the glycolipides and sphingomyelins found in 
beef tissues by Kaucher et al. (9). In their study glycolipide was deter- 
mined by measurement of galactose by reduction, and sphingomyelins 
by precipitation as the reineckate and determination of phosphorus on 
the precipitate. Since total lipide as per cent of dry weight of tissue was 
also given in this report, one can calculate the micromoles of cerebrosides 
and sphingomyelines per gm. of dry lipide-free residue in the several 
tissues. Data from this study may thus be compared with our own 
(Table II). The magnitude of the sphingosine contents is generally com- 
parable. Differences may be ascribed to species differences as well as to 
those arising from analytical methods. 
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The absolute amount of sphingosine per gm. of dry lipide-free tissue 
residue was found to vary considerably from dog to dog. This was also 
the case with nitrogen, phosphorus, and choline. However, the data show 
less variation in the per cent sphingosine nitrogen of total lipide nitrogen. 
As was suggested in the case of choline, nitrogen, and phosphorus, it would 
appear that the composition of the tissue lipides is fairly constant in normal 
animals, although the absolute amount per gm. of dry tissue residue may 
vary. 


SUMMARY 


A method is described for an approximate determination of sphingosine 
in whole lipide extracts which have been freed of non-lipide impurities. 
The method is based on a chloroform extraction of the aqueous lipide 
hydrolysate which is both specific and relatively quantitative for sphingo- 
sine. Sphingosine is then determined on the chloroform extract as nitrogen. 
The method has been used routinely in the range of 6 to 20 um of sphingosine 
with triplicate nitrogen analyses. Sphingosine nitrogen comprises from 
8 to 35 per cent of total lipide nitrogen in the tissues analyzed. 
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THE SYNTHESIS OF 17-(METHYL-C")-TESTOSTERONE AND 
21-C'4-PROGESTERONE 


By HAROLD B. MacPHILLAMY anp CAESAR R. SCHOLZ 


(From the Division of Chemistry, Research Department, Ciba Pharmaceutical 
Products, Inc., Summit, New Jersey) 


(Received for publication, September 18, 1948) 


The use of steroid hormones containing tagged atoms promises to have an 
important part in the study of their metabolism. The relative availability 
of radioactive C'* manufactured in the uranium chain-reacting pile at Oak 
Ridge has facilitated the synthesis of such compounds containing labeled 
carbon atoms (1). Through the cooperation of Dr. Konrad Dobriner of 
the Sloan-Kettering Institute for Cancer Research we have been able to 
synthesize two important members of this group of substances, methyl- 
testosterone and progesterone, having the radioactive atom in the side 
chain. 

Since the radioactive carbon was available to us in the form of methyl 
iodide, both syntheses used Grignard reactions. The usual procedure for 
the preparation of methyltestosterone is to start with dehydroisoandro- 
sterone acetate and to use a large excess of methylmagnesium iodide. 
Obviously this method was not suitable for our synthesis. We, therefore, 
used the method of Miescher (2) in which androstene-3 ,17-dione 3-enol 
ether was allowed to react with 1 mole of the Grignard reagent. This 
proved to be a satisfactory method, giving in one step a yield of 42 per cent 
of purified product based on the methyl iodide used. 

Our synthesis of progesterone was based on the general method for the 
preparation of ketones developed by Gilman and Nelson (3, 4). In this 
method the desired organocadmium derivative is made from the corre- 
sponding Grignard reagent and then allowed to react with an acid 
chloride. This has been applied to steroid syntheses with good success (5, 
6), and ~eemed to us to afford the most suitable method for the synthesis 
of progesterone. In spite of the fact that a large excess of Grignard 
reagent is usually used, we were able to obtain a yield of 50 per cent of 
pregnenolone acetate with only equimolecular quantities of methyl iodide 
and 3-acetoxy-A®-etiocholenic acid chloride. Subsequent hydrolysis to 
pregnenolone followed by an Oppenauer oxidation gave an over-all yield of 
26 per cent of purified product based on the methy] iodide used. 


EXPERIMENTAL 
17-(Methyl-C™)-testosterone—The methylmagnesium iodide was _ pre- 
pared from 1.34 gm. of C'methyl iodide containing 1.14 millicuries 
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essentially as described by Tolbert (7). Our vacuum system was somewhat 
simpler than his and we used dry ice baths instead of liquid nitrogen. An 
equivalent of magnesium was placed in the reaction flask and the tube 
containing the frozen methyl iodide was sealed to the vacuum system. The 
apparatus was then evacuated with an oil pump, the system closed off, and 
the methyl iodide distilled into the reaction flask. This was then removed 
from the vacuum system while cold, and an addition funnel was attached. 
About 15 ml. of dry ether were admitted to the reaction flask and on warm- 
ing to room temperature the Grignard reaction took place. After refluxing 
for a half-hour to complete the reaction, a solution of 2.96 gm. of A‘- 
androstene-3 ,17-dione enol ethyl ether (8) in 15 ml. of dry benzene was 
added. The mixture was then refluxed for 3 hours. The Grignard com- 
plex and the enol ether were hydrolyzed by adding 25 ml. of 10 per cent 
sulfuric acid and stirring at room temperature for 2 hours. The benzene- 
ether layer was separated and the aqueous phase extracted twice with 
ether. The combined extracts were washed with dilute sodium bicar- 
bonate solution and water, dried, and the solvents removed. The crystal- 
line residue was recrystallized from a small amount of ethyl acetate. 
The mother liquor fraction was chromatographed on alumina in benzene 
solution and the fraction eluted with 50 per cent benzene-ether yielded 
additional crystalline material. This was combined with the first fraction 
and recrystallized again from ethyl acetate. In this way we obtained 1.24 
gm. (42 per cent) of material melting at 163-164°, [a] 25 — 487° in ethanol. 
This material showed no melting point depression with a known sample of 
methyltestosterone and gave the same infra-red absorption spectra. 
21-C4-A-Pregnene-3-ol-20-one Acetate—The Grignard reagent in this 
synthesis was prepared as described above by using 726 mg. of C'-methyl 
iodide containing 2 millicuries. After the reaction was complete 5 ml. of 
dry ether and 1.20 gm. of dry cadmium bromide were added with stirring. 
This mixture was refluxed for 2 hours, during which time the stirring was 
continued. The heat was then removed and the acid chloride from 1.82 
gm. of 3-acetoxy-A*-etiocholenic acid dissolved in 5 ml. of dry benzene was 
added in small portions. After the addition was complete the mixture was 
refluxed for 2 hours. It was then cooled and 4 ml. of water and 5.5 ml. of 
10 per cent hydrochloric acid were added. The mixture was stirred for a 
half-hour and allowed to stand overnight. 

The acid solution was extracted with ether and the extract washed with 
water, sodium bisulfite solution, 5 per cent potassium hydroxide solution, 
and finally with water. The potassium salt of the unchanged acid was 
relatively insoluble, so that its filtration from the extraction mixture was 
necessary. After drying the ether solution, the solvent was removed, 
leaving 930 mg. (50.6 per cent based on methyl iodide) of crude 21-C™- 
pregnenolone acetate, melting point 138-144°. 
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21-C"4- Pregnene-3-ol-20-one—The above crude acetate was saponified by 
refluxing it for 2 hours in a solution of 25 ml. of methanol containing 1 gm. 
of potassium carbonate and 2 ml. of water. The mixture was concentrated 
in vacuo, diluted with water, and the steroid extracted with ether. The 
ether solution was washed well with water, dried, and the solvent removed, 
yielding 750 mg. (91.5 per cent) of crude pregnenolone, m.p. 165-175°. 

21-C-Progesterone—The above material was oxidized directly by the 
Oppenauer method. It was dissolved in 50 ml. of dry toluene and 7.5 ml. 
of cyclohexanone were added. About 10 ml. of liquid were distilled to dry 
the system and then about 300 mg. of aluminum isopropylate were added. 
After refluxing for an hour, the solution was cooled, water was added, and 
the mixture steam-distilled to remove the toluene and cyclohexanone. It 
was finally concentrated to dryness, dilute hydrochloric acid added, and the 
progesterone extracted with ether. The ether solution was washed, dried, 
and the solvent removed, leaving 530 mg. of crude crystalline material, 
m.p. 110-118°. This was further purified by chromatography and yielded 
250 mg. of pure radioactive progesterone, m.p. 126—128°, 175 mg. of cruder 
material, and a non-crystalline oil. The over-all yield of usable material 
was 26.2 per cent, based on the methy] iodide used. 

Radioactivity Determinations—The methyltestosterone had an activity 
of 2.7 X 10? millicuries per mole or 0.9 microcurie per mg. The progester- 
one had an activity of 4.3 X 10? millicuries per mole or 1.4 microcuries per 
mg. The determination was made in the following way. The steroid 
after appropriate dilution was burned and the carbon dioxide collected in 
barium hydroxide solution. After washing and drying, the precipitated 
barium carbonate was converted to carbon dioxide and the absolute 
activity of the gas measured with the carbon dioxide-carbon disulfide 
mixture reported by Miller (9) and the apparatus described by Eidinoff 
(10). The relative activity by this procedure is reliable within 2 per cent 
and the absolute activity is accurate within 10 per cent. 

In a recent paper Riegel and Prout described a similar synthesis of 
21-C*-progesterone (11). 


We wish to express our thanks to Professor Melvin Calvin and Dr. B. M. 
Tolbert of the University of California for the radioactive methyl iodide. 
We are also greatly indebted to Dr. M. L. Eidinoff of the Sloan-Kettering 
Institute for Cancer Research for making the radioactive determinations 
through the generous cooperation of Dr. T. F. Gallagher. 


SUMMARY 


We have synthesized two steroid hormones, methyltestosterone and 
progesterone, with radioactive C™ in the side chain. 
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THE SYNTHESIS OF PROLYLCYSTEINYLTYROSINE 
By ALBERT A. PLENTL* 
(From the Research Laboratories of the Evans Research and Development Corporation, 
New York) 
(Received for publication, September 28, 1948) 


Although cysteine-containing peptides are of considerable interest to 
the biochemist, relatively few such compounds are known. The biologic 
significance of these substances is not limited to the oxidation-reduction 
system of the sulfhydryl-disulfide linkage, but cysteine- or cystine-con- 
taining peptides and proteins are of considerable pharmacologic interest. 
Among such compounds may be mentioned insulin and at least two of the 
hormones of the posterior pituitary, the oxytocic and the pressor principles. 

During a systematic investigation of the oxytocie principle, it became 
necessary to prepare model compounds for chemical degradation experi- 
ments, as well as for studies involving the action of enzymes and reaction 
kinetics. A model compound of this type must meet certain requirements; 
e.g., it must be relatively easy to prepare in adequate amounts and must 
show some similarity to the compound that it is supposed to represent. 
This implies that it contains, most, if not all, of the amino acids of the 
oxytocic principle. Hence, known peptides containing cysteine or cystine 
would not be suitable for this purpose. 

The best available evidence regarding the amino acid composition of 
the oxytocic principle points to the presence of arginine, cysteine, proline, 
leucine, and tyrosine. Using purified preparations, Stehle and Trister (1) 
isolated tyrosine as the picronolate, arginine as the flavianate, proline as 
the reineckate, and leucine as its hydantoin from hydrolysates of the 
oxytocic principle. The presence of tyrosine and cysteine has been dem- 
onstrated by du Vigneaud et al. (2) and confirmed by others (3-7). Since 
synthetic methods whereby arginine could be introduced into an endo 
position are not very satisfactory, and since the introduction of leucine 
was expected to contribute little to the anticipated degradation studies, 
our attention was directed toward the synthesis of a tripeptide containing 
cysteine, proline, and tyrosine. 

Of the six possible combinations in which these three amino acids may 
exist in a peptide chain, only those containing cysteine in the endo position 
were thought to be of particular interest. These are prolylcysteinyltyrosine 
and tyrosylcysteinylproline, either of which would serve the purpose equally 
well. The choice between them would depend upon the ease of preparation. 


* Present address, Sloane Hospital for Women, 622 West 168th Street, New York 32. 
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Tyrosyleysteinylproline would have to be prepared through the inter- 
medium of the unstable proline ester, whereas no difficulty was anticipated 
in the synthesis of prolyleysteinyltyrosine. The present communication, 
therefore, deals with the preparation of this compound by well established, 
synthetic methods. 

Carbobenzoxyprolyl chloride was prepared by the method of Abderhalden 
and Nienburg (8) and condensed with the ethyl ester of S-benzylcysteine. 
In the original attempt, 2 moles of free ester were used per mole of acid 
chloride in order to neutralize the free hydrochloric acid liberated as the 
reaction proceeded. Under these conditions, solubility relations were such 
that the product was heavily contaminated with ester hydrochloride, a 
complication which could be avoided by the use of slightly more than 1 
equivalent of pyridine for each mole of acid chloride. Pyridine hydro- 
chloride precipitated from the solution as the reaction proceeded, and thus 
only 1 equivalent of free ester was required. Satisfactory yields were ob- 
tained and the quality of the product was greatly improved. 

Carbobenzoxyprolyl-S(benzyl)-cysteine ethyl ester could be saponified 
to the free acid, but the corresponding acid chloride proved unsatisfactory 
for further synthetic operations. By the alternate route, the ester was 
transformed into the hydrazide, which was readily soluble in dilute acetic 
acid, the solvent of choice for the formation of the azide. This azide was 
allowed to react with free tyrosine ethyl ester in ethyl acetate solution to 
give carbobenzoxyprolyl-S(benzyl)-cysteinyltyrosine ethyl ester which, 
after saponification in aqueous solution, was treated with sodium in liquid 
ammonia. This treatment resulted in the simultaneous removal of the 
carbobenzoxy and benzyl groups leading to the free, reduced tripeptide. 
Final purification was accomplished by means of the copper salt in a manner 
similar to that employed for glutathione (9). The tripeptide crystallized 
readily from dilute alcoholic solution (Fig. 1). 


EXPERIMENTAL 


Carbobenzoxy-u-prolyl Chloride—This compound was prepared according 
to the procedure of Abderhalden and Nienburg (8). 

Carbobenzoxy-L-proplyl-S (benzyl)-L-cysteine Ethyl Ester—40 gm. of S- 
benzyleysteine ethyl ester hydrochloride were dissolved in 200 cc. of water 
and the solution was cooled in ice. Sufficient 20 per cent sodium carbonate 
was then added to liberate the free base quantitatively. The product 
separated as a heavy oil that was extracted with ethyl acetate; the extracts 
were dried and concentrated to 100 cc. 20 cc. of anhydrous pyridine 
were then added to this solution with exclusion of moisture and the mixture 
was cooled in ice. With rapid stirring and continued cooling, a solution of 
18.1 gm. of carbobenzoxy-t-prolyl chloride in 200 cc. of absolute ether 
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was added, drop by drop, over a period not exceeding 15 minutes. Stirring 
was continued for another hour at 0° and the mixture allowed to stand at 
room temperature for an additional hour. 

The reaction mixture was then poured into 500 ce. of 5 per cent hydro- 
chloric acid. The ethyl acetate layer was separated and washed with water 
and sodium bicarbonate, dried over magnesium sulfate, filtered, and evapo- 
rated to dryness under reduced pressure. The residue crystallized in- 
stantly. After recrystallization from dilute alcohol, ether, and petroleum 
ether-ether mixture, the compound melted at 75-77 


12.3 gm. of the 
pure product were obtained. 


a 


= << 
, iii 


a4 


nae poy 


Fic. 1. Photomicrograph of prolyleyvsteinyltyrosine X 360 





Co;H300;N28. Calculated. C 63.83, H 6.38, N 5.96, S 6.81 

170 Found. ‘Gace, °° O24, 63a.“ Gee 

oe Ost, °° O28, Clo, “Gla 
Carbobenzoxy-L-prolyl-S (benzyl)-L-cysteine—500 mg. of the ester described 
above were ground in a mortar and suspended in an excess of 2 N alkali. 
The mixture was then warmed to 80° with agitation. The resulting clear 
solution was acidified and the precipitated product worked up in the usual 
manner. It was recrystallized from dilute alcohol, m.p. 128°; 250 mg. of 

pure product were obtained. 


Cs;H»;,0;NoS. Calculated. C 62.55, H 5.67, N 6.35, S 7.25 
141 Found. * @2,40. “ d.on * 6.38. Fine 
* Gea, °° OSE. 6.56 7.60 


Carbobenzoxry-L-prolyl-S (benzyl)-L-cysteine Hydrazide—12.0 gm. of carbo- 
benzoxy-L-prolyl-S(benzyl)-L-cysteine ethyl ester were dissolved in 200 ce. 
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of absolute ethyl alcohol. To this solution were added 25 ec. of hydrazine chloric 
hydrate and the mixture was allowed to stand in the ice box for 72 hours. ately. 
The erystals were collected and recrystallized from dilute ethyl alcohol, oxidat; 
m.p. 139-140°. A total of 8.2 gm. of the pure product was obtained. ration 
CosH230,.N,S (456). Calculated, N 12.28; found, N 12.51, N 12.25 white 
Carbobenzoxy-tL-prolyl-S (benzyl) -L-cysteinyl-L-tyrosine Ethyl Ester—8.0 xa 
gm. of the above hydrazide were dissolved in 50 cc. of 40 per cent dieisa 
acetic acid. This solution was cooled in ice and 1.20 gm. (1 equivalent) of freehly 
sodium nitrite, dissolved in 3 ce. of water, added. The azide precipitated AERA 
as an oil and was extracted with coldether. The ether extracts were dried walk ol 
with magnesium sulfate and added to 3.63 gm. of tyrosine ethyl ester (m.p. eats 
105°) dissolved in 50 cc. of anhydrous ethyl acetate. After the mixture canals 
had stood at room temperature for 24 hours, a crystalline material had , 
aoa ; ; sad its aqu 
precipitated. 4.40 gm. of the crude product were obtained. This com- filtrate 
pound could be recrystallized from ether-ethyl acetate or acetone water dieitat 
mixture, m.p. 155-156°. ‘inl isa 
C,H ,O7N;S. Calculated. C 64.40, H 6.15, N 6.68, 8 5.06 CiHh. 
Found. renee. Gla, "6293, * 89 F 
« 63.98, “ 6.41, “ 7.12, “ 4.79 
Carbobenzoxy-L-prolyl-S (benzyl)-L-cysteinyl-L-lyrosine —2.0 gm. of the tri- ree 
peptide ester were finely ground in a mortar and shaken with an excess of tials 
2 Nn NaOH at room temperature until most of it had dissolved. The cloudy dive 
solution was extracted with ethyl acetate, and the aqueous layer acidified el te 
with dilute hydrochloric acid. The free acid precipitated as an oil that ne esp 
crystallized upon standing in the ice box overnight. After several re- shtaiaes 
erystallizations from dilute alcohol, the pure substance melted at 204°; 1.70 idle 
gm. of pure product were obtained. 
Czx0H3;07N;3S. Caleulated. C 63.50, H 5.78, N 6.94, S 5.28 
Found. "65.00. © 5:98. "FIG," 5:07 The 
erga ee. G08" he. 6208 standar 
Because of difficulties involved in accurate molecular weight determinations benzox; 
of the free tripeptide, this essential analysis was made at this stage of the the con 
synthesis. produce 
; ethyl e: 
Mol. wt., caleulated, 605; found, 620, 631; 595, 618 ester, ' 
; — the prot 
L-Prolyl-L-cysteinyl-L-tyrosine —500 ec. of anhydrous liquid ammonia were 
collected in a 200 ec. three necked, round bottom flask cooled in a mixture 
of dry ice and acetone. 200 mg. of metallic sodium were required for the 1. Stehle 
reduction of 1.70 gm. of carbobenzoxyprolyl-S(benzyl)-cysteinyltyrosine; 2. du Vij 
i.e., until a permanent blue color was obtained. 500 mg. of ammonium Pro 
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chloride were then added, which decolorized the solution almost immedi- 
ately. Nitrogen was then blown through the mixture in order to avoid 
oxidation by atmospheric oxygen and to help in the spontaneous evapo- 
ration of ammonia. After 24 hours of this treatment, a small amount of 
white crystalline material remained in the flask with almost no residual 
ammonia. The residue was dissolved in 30 cc. of water, kept under a 
vacuum at room temperature for 2 hours, and then adjusted toa pH be- 
tween 3 and 5 by the addition of dilute sulfuric acid. A suspension of 
freshly prepared cuprous oxide was added in small portions, the total 
amount of which was so adjusted that a slight excess was present at the 
end of the reaction. This mixture was stirred for 10 hours and then al- 
lowed to stand at room temperature for 24 hours. The precipitate was 
centrifuged, washed with water, and hydrogen sulfide was passed through 
its aqueous suspension. Following the removal of copper sulfide, the clear 
filtrate was concentrated under reduced pressure. A fine crystalline pre- 
cipitate appeared when the volume was less than 10 cc. It was collected 
and recrystallized from water and dilute ethyl alcohol. 


C17H230;N35-2H,0. Calculated. C 48.90, H 5.50, N 10.05, Ss (ta H,0 8.62 
Found. “* 49.28," 6.08, “ 10:13, “7.8, “* -S:ay 
** 49.06, ‘* 6.20, “* 10.34, ‘* 7.68 


A solution of the crystalline tripeptide in constant boiling HCl con- 
taining no amino nitrogen and 0.640 mg. of total (Kjeldahl) nitrogen per 
ec. was refluxed for 24 hours. The total nitrogen remained unchanged 
and the amino nitrogen rose from 0.0 to 0.428 mg. per ec. Hydrolysis 
had therefore resulted in the formation of two new amino groups. This 
observation furnished additional evidence to substantiate the peptide 
nature of the compound. 


SUMMARY 


The polypeptide, prolylcysteinyltyrosine, has been synthesized by 
standard methods. The synthesis was accomplished by condensing carbo- 
benzoxyprolyl chloride with S-benzylcysteine ethyl ester and transforming 
the condensation product into its hydrazide; its reaction with nitrous acid 
produced a soluble azide which could easily be condensed with tyrosine 
ethyl ester to give carbobenzoxyprolyl-S(benzyl)-cysteinyltyrosine ethyl 
ester. The free reduced tripeptide was obtained in good yield by removing 
the protecting groups with sodium and liquid ammonia. 
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THE UTILIZATION OF GLYCINE FOR THE BIOSYNTHESIS OF 
BOTH TYPES OF PYRROLES IN PROTOPORPHYRIN 


By JONATHAN WITTENBERG* ano DAVID SHEMIN 
(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, October 4, 1948) 


Although it has been shown that glycine is the nitrogenous precursor of 
the protoporphyrin moiety of hemoglobin (1, 2), it has not been previously 
established that glycine is utilized for the formation of all four pyrrole 
structures of the porphyrin. In protoporphyrin (Fig. 1) two of the pyrrole 
rings (I and IT) contain methy] and viny] side chains and two (III and IV) 
contain methyl and propionic acid side chains; it is conceivable that these 
two different pyrrole structures are synthesized in the animal organism 
from different precursors. Degradation experiments were therefore under- 
taken to study the distribution of isotopic nitrogen in.N"-labeled heme, 
produced in vivo after the administration of N'-labeled glycine, in order to 
determine whether glycine is used in the synthesis of both pyrrole types. 

The degradation studies were carried out in a manner to give unequivocal 
data with respect to separation of the two different pyrrole structures found 
in protoporphyrin. Labeled hemin, obtained from the blood of a human 
and from the blood of ducks, after the administration of N'-labeled glycine, 
was converted into hematoporphyrin dimethyl ether which was subse- 
quently oxidized to yield methylmethoxyethylmaleimide (from pyrrole 
rings I and IJ) and methyl] propionic acid maleimide or hematinic acid 
(from pyrrole rings III and IV) (Fig. 1). It can be seen from Table I 
that in each experiment the N® values of the methylmethoxyethylmaleimide 
from pyrrole rings I and II and of the hematinic acid from pyrrole rings III 
and IV were equal, and were identical with the N concentrations in the 
porphyrin. Therefore, these experiments demonstrate that glycine is 
utilized equally for the formation of the two types of pyrroles in the proto- 
porphyrin. These findings are in harmony with the hypothesis that in the 
biosynthesis of protoporphyrin a pyrrole ring is formed which is a common 
precursor of both types of pyrrole structures found in the protoporphyrin. 

These studies do not as yet reveal the mechanism by which glycine is 
utilized in the biosynthesis of the porphyrin. However, this report, to- 
gether with our previous work, demonstrated directly that the nitrogen of 


* United States Public Health Service Fellow for 1948. This report is from a dis- 
sertation to be submitted by Jonathan Wittenberg in partial fulfilment of the re- 
quirements for the degree of Doctor of Philosophy in the Faculty of Pure Science, 
Columbia University. 
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glycine is utilized for the formation of heme. That the a-carbon atom of en 
glycine is indeed utilized along with the nitrogen has been subsequently of 
proved both by Altman et al. (3) and by Radin et al.’ in the rat, and with the tin 
nucleated red cells of the duck (4). On the other hand it has been demon- jae 


1 Radin, N., Rittenberg, D., and Shemin, D., unpublished results. etl 
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strated that the carboxyl carbon atom of glycine is not found in the tetra- 
pyrrole, hemin, after the administration of carboxyl-labeled glycine to the 
dog (5) and to the rat! and on incubation with red blood cells of the duck.' 


EXPERIMENTAL 


N*® Hemin from Ducks—A solution of glycine containing 32 atom per 
cent excess N' was injected intraperitoneally into two ducks. 1.5 gm. of 
glycine per kilo of body weight were administered in four injections spaced 
over a period of 2 days. 12 days later the birds were killed by exsanguina- 
tion and from the pooled blood (175 cc.) 0.73 gm. of hemin was isolated by 
the usual method (6). 

N*® Hemin from Human—A woman with polycythemia vera consumed 
at frequent intervals over a period of 2 days 48 gm. of glycine labeled with 
32 atoms per cent N excess. For therapy blood was withdrawn 16 and 30 
days after the start of the experiment. The hemin was isolated from the 
pooled samples of blood. 

Preparation of Hematoporphyrin Dimethyl Ether—Hematoporphyrin 
dimethyl ether was prepared from the N"-labeled hemin by a combination 
of the methods of Kiister and Maurer (7) and of Fischer and Orth (8). 
2.5 gm. of hemin were dissolved in 63 gm. of a solution of anhydrous hydro- 
bromic acid in glacial acetic acid (density 1.41 at 0°) and stirred gently for 
3 days at room temperature. The solution was taken to dryness in 
vacuo (bath temperature not over 50°) and the residue dried in vacuo over 
NaOH. The resulting crude dibromoporphyrin was dissolved in 23 ce. 
of absolute methanol, and 12.5 cc. of 20 per cent KOH in absolute methanol 
were added. After 12 hours at room temperature the solution was diluted 
with methanol, centrifuged, filtered, and taken to dryness in vacuo at 50°. 
The free porphyrin was isolated from the potassium salt by treatment with 
25 per cent acetic acid and extraction into ether, evaporation, and storage 
in vacuo over NaOH. The yield of hematoporphyrin dimethyl] ether, red- 
violet crystals, was 2.2 gm.; this was used for degradation experiments. A 
purer product can be obtained by dissolving in ether and concentrating toa 
small volume. 

Oxidation of Hematoporphyrin Dimeth,’ Ether—The porphyrin was 
oxidized according to the method of Kiister and Maurer (7). A solution of 
4.62 gm. of chromic acid in a small amount of water was added with stirring 
over a period of 4 hours to a solution of 2.1 gm. of the porphyrin in 170 ce. 
of 20 per cent sulfuric acid. Stirring was continued for 18 hours, at which 
time the solution was green. The reaction mixture was diluted with water 
and extracted with ether for 4 to 5 hours in a continuous extractor. The 
ether solution containing both the methylmethoxyethylmaleimide and the 
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hematinic acid was shaken once with 50 cc. of a 5 per cent sodium bicarbon- 
ate solution to remove the hematinic acid. The bicarbonate solution was 
then extracted six times with equal volumes of ether and the ether extracts 
combined with the original ether solution for the isolation of methyl- 
methoxyethylmaleimide. 

Preparation of Methylmethoxyethylmaleimide—The ether was removed by 
warming and the residue sublimed at 70—-80° at 3 mm. of pressure. 0.52 
gm. of crude crystals was obtained which were purified to constant melting 
point by recrystallizations from 15 to 20 cc. of petroleum ether (b.p. 70—90°). 
The yield of pure material was 0.36 gm.; m.p. 58.6-59.2° (Kiister and 
Maurer (7) reported m.p. 58-59°). 


CsH;03N. Calculated. C 56.8, H 6.6, N 8.3 
Duck blood. Found. * GO," “GS. ** 82 
Human ‘ oa “Os, * 62, ° S23 


Preparation of Hematinic Acid—The bicarbonate solution from above 
was immediately made acid to Congo red paper with dilute sulfuric acid 
and after decolorization with a small amount of charcoal was extracted 
ten times with equal volumes of ether. The ether was removed in vacuo 
and the residue dried in vacuo over NaOH. The crude hematinic acid, 0.7 
gm., was dissolved in ether and crystallized by the gradual addition of pe- 
troleum ether (b.p. 70-90°). Two recrystallizations usually sufficed to 
bring the material to a constant melting point. The yield was 0.46 gm.; 
m.p. 114-115°. (Kiister (9) reported 113.5-114.5°.) 


CsH,O.N. Calculated. C 52.5, H 5.0, N 7.7 
Duck blood. Found. eBags BOE a7 
Human ‘“ 3 Gaels te 


SUMMARY 


Glycine labeled with N was administered to ducks and to a human, and 
hemin was isolated from the red cells. The labeled hemin was degraded in 
order to study the isotope concentrations of the nitrogen atoms in the 
pyrrole structures of the porphyrin. The hemin was converted to hema- 
toporphyrin dimethyl ether which was then oxidized to yield methyl- 
methoxyethylmaleimide (derived from the methylvinylpyrroles of the 
porphyrin) and hematinic acid (derived from the methyl propionic acid 
pyrroles of the porphyrin). The N" concentrations were found to be equal 
in the porphyrin, in the methylmethoxyethylmaleimide, and in the hema- 
tinic acid. These data demonstrate that glycine is the precursor for both 
types of pyrroles in the protoporphyrin molecule. 
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CHROMATOGRAPHY OF AMINO ACIDS ON STARCH COLUMNS. 
SOLVENT MIXTURES FOR THE FRACTIONATION 
OF PROTEIN HYDROLYSATES 
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(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, October 8, 1948) 


In previous communications (1-8) procedures have been described for 
the quantitative separation of amino acids by chromatography on starch. 
The present paper is concerned with the extension of these techniques to 
include most of the amino acids commonly found in protein hydrolysates. 
In the earlier experiments n-butyl alcohol-benzy! alcohol solvents contain- 
ing about 15 per cent water were employed to separate phenylalanine, 
leucine, isoleucine, methionine, tyrosine, and valine. In all alcohol-water 
solvents these are among the fastest moving amino acids on starch columns. 
Preliminary experiments had indicated (1) that the amino acids with 
slower rates of travel could be eluted successfully from the column by the 
appropriate choice of acidic solvents of higher water content. Many types 
of solvents have subsequently been investigated in order to arrive at a 
convenient system for the fractionation of protein hydrolysates. 

The effluent concentration curves shown in Figs. 1 and 2 give the results 
obtained with two of the solvent mixtures which have proved most useful. 
The synthetic mixture of amino acids chromatographed corresponded in 
composition to a hydrolysate of bovine serum albumin. The effluent from 
the column was collected in a series of 0.5 cc. fractions on an automatic 
fraction-collecting machine (2). The amino acid concentration in each 
fraction was determined by the photometric ninhydrin method previously 
described (3). For the curve in Fig. 1, the column is started with a 
solvent composed of n-butyl alcohol, n-propyl alcohol, and 0.1 N HCl in 
the proportions of 1:2:1. After the emergence of aspartic acid, the rates 
of travel of the amino acids remaining on the column are increased by a 
shift of solvent to 2:1 n-propyl alcohol-0.5 n HCl. In this experiment, 
the first six amino acids are incompletely separated, and a chromatogram 
run with 1:1:0.288 n-butyl alcohol-benzyl alcohol-water (2) is still re- 
quired for resolution of these components. 

The curve in Fig. 1 gives quantitative values for proline, threonine, 
aspartic acid, serine, glycine, ammonia, arginine, lysine, histidine, and 
cystine. Glutamic acid and alanine appear as a single peak. These two 
amino acids can be separated by the chromatogram illustrated in Fig. 2. 
The solvent in this case is composed of tert-butyl alcohol, sec-butyl alcohol, 
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and 0.1 N HCl in the proportions of 2:1:1. Thus, by the use of three 




























































columns it is possible to separate from one another the eighteen constit- - 
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in the mixture being fractionated and outlines the results obtained by the 
use of other solvent combinations. The results of analyses of hydrolysates 
of B-lactoglobulin and bovine serum albumin are given in the following 
paper (4). 

EXPERIMENTAL 


Preparation of Column—The potato starch column is poured as pre- 
viously described (2).!_ Unless otherwise specified, starch columns 0.9 em. 
in diameter and about 30 em. in height have been used. The procedures 
can be scaled up proportionately for columns up to 8 cm. in diameter. 
After the starch has settled to constant height, the excess butyl alcohol is 
removed and a 1:1 mixture by volume of n-propyl alcohol-0.5 N HCl is 
placed on the column. The solvent is run through the column under a 
pressure of 8 cm. of mercury overnight, and the pressure is then raised to 
15cm. The solvent flow is continued until 0.5 ec. samples (neutralized) 
of the effluent and the influent solvent both yield the same color value 
when analyzed by the ninhydrin method. Starch contains small quantities 
of ninhydrin-positive material which are extracted by acidic alcohol sol- 
vents. The use of a propyl alecohol-HCl mixture with a 50 per cent water 
content serves to clean out the column fairly rapidly. When the number 
of ec. of the effluent required to yield a ninhydrin-negative column have 
been determined for a given batch of starch, the prescribed number of ce. 
can be used in the preparation of subsequent columns. For the samples 
of starch tested thus far, 55 cc. of the 1:1 solvent have proved adequate 
for columns 0.9 X 30 cm.2. When the column is ninhydrin-negative, the 
solvent mixture is changed to that to be used in the chromatographic 
analysis.* After the new solvent has been run through overnight at 15 
em. pressure (20 to 25 cc. of effluent), the column is equilibrated and ready 
for use. Columns may be left in contact with solvents of low acidity, 


1 For work with acidic solvents, the delivery tip of the chromatograph tube can be 
pulled down so that a drop of effluent collects therein. In this manner ammonia 
from the air is prevented from reaching the inner walls of the tip. Beveled tips are 
still required on tubes which will be used with water as the solvent. If a beveled tip 
is used with acidic solvents, the inside section, up to the sintered plate, must be rinsed 
with a stream of the solvent before the column is placed on the fraction collector. 
A pipette, the end of which has been bent to form a U, is used for the rinsing. 

? It is possible to wash large amounts of starch at one time with the propyl! alcohol- 
HCl solvent, thus avoiding the preliminary washing each time a column is poured. 
This procedure is not recommended, however, since samples of starch washed and 
dried in the laboratory have been found not to give as uniform columns as the un- 
treated commercial material (2). 

* The solvents employed in these investigations have been prepared from n-butyl 
alcohol (reagent grade, Merck) and n-propyl alcohol, sec-butyl alcohol, and tert- 
butyl alcohol (c.p. grade, Columbia Organic Chemicals Company, Inc., Columbia, 
South Carolina). Redistillation prior to use has not been found necessary. 
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such as those prepared from 0.1 N HCl referred to in Figs. 1 and 2, for 
about 2 weeks before use without deterioration. Prior to the addition of 
the sample, the surface of the column is packed as previously described 
(2). When acidic solvents are used, there is no need for the 8-hydroxy- 
quinoline treatment, which has been shown to be essential when neutral 
solvents are employed (2). It is desirable to run about 0.5 ec. of solvent 
into the freshly packed surface before the addition of the sample. 

Addition of Sample to Column—The synthetic mixture of amino acids 
employed in the experiments shown in Figs. 1 and 2 was made up to sim- 
ulate an acid hydrolysate of bovine serum albumin. Toa total of about 1 
gm. of amino acids in a 10 cc. volumetric flask, 1.5 ec. of 6 N HCl were added 
and the solution diluted to volume with water. A 0.5 cc. aliquot of this 
solution was diluted to 10 cc. with the solvent to be used in the chromato- 
gram. A 0.5 cc. aliquot of the final solution, corresponding to 2 to 3 mg. 
of the amino acid mixture, was placed on the column and washed in as 
described earlier (2). In the developmental work on the placement of the 
peaks, simpler mixtures containing only a few components were similarly 
prepared. ‘The pipettes should be calibrated for delivery both with water 
and with the organic solvent mixture. 

Collection of Effluent Fractions—The delivery tip of the chromatograph 
tube is cleaned with a moist cloth and the column is placed on the auto- 
matic fraction collector (2). The pressure is maintained at 15 cm. and 
0.5 cc. fractions are collected. The flow rate on a properly packed column 
should be 1.25 to 1.50 cc. per hour. 

The use of propyl and tert-butyl alcohols on the fraction collector intro- 
duces problems which were not encountered with the butyl or benzyl 
alcohol solvent mixtures investigated earlier. When 0.5 cc. samples of 
the more volatile alcohol mixtures are allowed to stand on the machine 
overnight, there is considerable evaporation from the tubes. The loss in 
volume is not important, since the entire fractions are used in the ninhydrin 
analysis. But it has been noted that propyl alcohol-water mixtures, for 
example, have a marked tendency to creep up the glass walls of the photom- 
eter tube during the process of evaporation. Within 18 hours the solvent 
may creep almost to the top of the tube. The process can be observed 
by dissolving a few crystals of methyl red in 0.5 cc. of 2:1 n-propyl alcohol- 
0.5N HCl. The quantity of amino acid which is carried to the upper por- 
tions of the tube as the solvent evaporates may comprise 4 to 8 per cent of 
the total amount present. This material is not in contact with the nin- 
hydrin reaction mixture during the analytical determination. Hence, the 
recoveries of amino acid, under these conditions, run low. 

It has been found that the creeping of volatile alcohols can be completely 
eliminated by rendering the glass surface hydrophobic by means of a 
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silicone film. Glassware coated with a silicone film is repellent to water 
and to the water-miscible alcohols such as propyl alcohol and tert-butyl 
alcohol. For the present experiments all the sets of photometer tubes 
(3) for use with the fraction collector have been coated with Dri-film No. 
9987 (General Electric Company, Schenectady, New York), which is a 
mixture of organochlorosilanes. For polymerization on glass, the Dri-film 
is applied as a 5 per cent (by volume) solution in chloroform (reagent grade). 
The coating of the tubes should be carried out in a hood and gloves should 
be worn. ‘The glassware is first cleaned in chromic-sulfuric acid cleaning 
solution, thoroughly rinsed, dried at 110°, and allowed to stand at room 
temperature for 1 hour. When sets of 200 tubes are being coated, 200 cc. 
of the Dri-film solution are prepared. A sheet of filter paper or a towel is 
placed on the bottom of each test-tube rack (3). The first ten tubes are 
filled about half full with the filming solution. Each tube is emptied 
rapidly over a flask or beaker, causing the solution to flow over the upper 
walls of the tube, and set to drain inverted in the rack. The filming solu- 
tion is used over again for the treatment of 200 tubes. The racks are left 
at room temperature overnight. The tubes are then returned to the up- 
right position and each rack is baked for 2 to 3 hours in an air oven at 
150-180°. This procedure has given more durable silicone films than those 
obtained by applying the Dri-film in vapor form or by the use of less con- 
centrated solutions of the coating agent. Control of the relative humidity 
at which the filming is conducted has not proved necessary. 

The film has no effect on the optical properties of the tubes as measured 
in the Coleman junior spectrophotometer. The silicone-coated tubes have 
maintained their water repellency during constant use for periods of about 
6 months, at the end of which time recleaning and refilming have been 
necessary. The film is remarkably resistant to boiling water, alcohols, or 
acids, but is readily destroyed by alkali or cleaning solution. The coating 
is also rendered ineffective by ordinary soap, but Duponol C has been 
found to have no injurious effect. ‘The washing procedure for the coated 
photometer tubes, therefore, is different from that previously described 
(3). After each set of ninhydrin analyses, the tubes are rinsed with water 
in racks of 50 and scrubbed with a brush (e.g., E. Machlett and Son, New 
York, catalogue No. A-7-870) which has been dipped in a 0.2 per cent 
solution of Duponol C. The brushing is necessary to remove the ring of 
material that is sometimes deposited on the walls of the tubes. If this 
deposit resists removal by brushing, it is an indication that the tubes need 
refilming. An aluminum rod notched to fit the rim of the tube is useful 
for holding the individual tubes in position in the rack while they are being 
brushed. The brush employed should be reserved for this purpose and 
kept out of contact with ordinary soap. No evidence of any scratching of 
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the photometer tubes by this cleaning procedure has been observed, but 
care should be taken to insure that no metal parts of the brush make con- 
tact with the walls of the tubes. The tubes are rinsed several times with 
distilled water and dried in an oven at 110°. 

To prevent creeping of the solvent on the tip of the chromatograph tube 
and the glass funnel of the fraction collector, these items are also given a 
silicone coating. The tip of the chromatograph tube is cleaned with a hot 
mixture of HNO; and H,SO, and coated by dipping the lower portion of the 
tube in the Dri-film solution, contamination of the sintered glass plate being 
avoided. The funnel of the fraction collector is coated both inside and 
outside. 

In order to be certain of the proper setting for the impulse counter when a 
water-repellent tip is used, it is necessary to redetermine the drop size (2) 
more frequently than is required with an untreated funnel. For the sol- 
vents referred to in Fig. 1, the drop sizes have been so nearly the same that 
a single impulse counter setting has been used throughout the experiment. 

The use of acidic solvents requires precautions against the uptake of 
ammonia from the air by the effluent fractions during the period they are 
standing on the automatic fraction collector. The ninhydrin method em- 
ployed to analyze the effluent can readily detect 0.1 y of ammonia per cc. 
If no preventive steps are taken, tubes containing 0.5 ec. of 2:1 propanol- 
0.5 n HCl, left overnight open to the laboratory air or on the fraction 
collector, may pick up enough ammonia to give a positive reading of 0.10 
optical density unit in the ninhydrin analysis. This uptake may be vir- 
tually eliminated by lining the inside surface of the cover of the fraction 
collector with filter paper impregnated with citric acid. Large sheets of 
filter paper are cut to fit the cover and taped in position. A 2 per cent 
solution of citric acid in ethanol is brushed onto the surface. With the 
fraction collectors in use in this laboratory, the ammonia problem has been 
increased by the liberation of ammonia from the bakelite parts of the 
machines. It was not appreciated for some time that hexamethylene- 
tetramine is used in the manufacture of many samples of bakelite and that 
the material, as a result, may contain appreciable quantities of ammonia. 
Samples of bakelite can readily be tested for ammonia liberation as de- 
scribed earlier (2). If the test is positive, the citric acid solution must be 
applied to all the bakelite parts of the fraction collector, including the 
phototube housing. Commercial models of the fraction collector are cur- 
rently being built with special ammonia-free bakelite,* which eliminates 
this source of contamination. 

In work with acidic solvents, the cotton packing around the stem of the 
chromatograph tube is also treated with citric acid. When the tubes are 
removed from the machine, they are stoppered with corks which have 


‘The Technicon Company, 215 East 149th Street, New York 51. 
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previously been shaken with the alcoholic citric acid solution and air- 
dried. Corks thus treated have been satisfactory for a year or more. 
Rubber stoppers have proved unsuitable. 

Contamination with ammonia can also occur during the handling of 
the solvents. The lips of all storage vessels should be wiped before use. 
Care must be taken to avoid any liquid contact between the solvent and 
the rubber stoppers on the top of the column and the top of the separatory 
funnel. The glass should always be wiped dry before the insertion of the 
stoppers. It is important that the need for reimpregnation of the cover 
on the machine be checked periodically by placing test samples of the 
2:1 n-propyl! alcohol-0.5 n HCl solvent on the machine overnight. The 
ninhydrin readings should be no higher than those of control tubes which 
have remained stoppered prior to analysis. 

In performing a chromatogram of the type referred to in Fig. 1, a 
solvent change is made about half-way through the experiment. The 
effluent fractions should, if possible, be analyzed each day to provide a 
check on the progress of the experiment and to furnish a basis for estimat- 
ing the exact point at which the solvent change should be made. In an 
experiment such as that shown in Fig. 1, it is desirable to shift the column 
to the second solvent mixture during the emergence of aspartic acid. This 
point can be predicted fairly accurately by multiplying the position of the 
readily identified proline peak by 1.6. The change point is usually reached 
at about 83 cc. of the effluent and can be predicted from the position of 
one of the earlier peaks, if necessary. If the change of solvent is scheduled 
to occur at an inconvenient hour, the column can be slowed down by 
running it under lower pressure without affecting the results. At the time 
of the change of solvent, the separatory funnel is removed and the liquid 
above the starch in the chromatograph tube is withdrawn before the addi- 
tion of the new solvent. 

For the experiment illustrated in Fig. 1, the solvent shift occurs on about 
the 38rd day, and the completion of the experiment, through the emergence 
of cystine, requires about 7 days of continuous operation on the fraction 
collector. 

When a column is shifted from one solvent to another, a specific series of 
changes occurs in the composition of the effluent. In the example shown in 
Fig. 1, the initial solvent contains 25 per cent water and is 0.025 n with 
respect to HCl. The second solvent contains 33 per cent water and is 
about 0.17 N with respect to HCl. The effluent attains the higher water 
content of the second solvent when a volume of solvent equivalent to that 
retained by the column has passed through the starch. The increased 
water content, which appears at about 6 cc. after the solvent change, serves 
to increase the rates of travel of the amino acids. If the solvent shift has 
been made too early, the latter part of the aspartic acid curve will be 
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distorted. Since asymmetrical peaks frequently indicate the presence of 
more than one component, it is preferable, in order to avoid ambiguity, to 
arrange for the emergence of the higher water concentration after the 
aspartic acid curve is down to the base-line. 

The increase in HCl concentration, however, to 0.17 N, occurs sharply 
at about 14 cc. after the solvent has been changed. The HCl thus has a 
“retention volume,” in the terminology of Tiselius (5), of about 6 to 8 ce. 
The rise in the HCI content of the effluent in Fig. 1 occurs just at the begin- 
ning of the serine peak. Although a change in acid concentration is not 
capable of distorting the serine peak significantly, it is desirable from the 
analytical standpoint to have the change occur before the amino acid 
emerges. 

The peak A in Fig. 1 is an artifact which occurs at the point of increase 
of the water content of the effluent. This small peak represents a transient 
rise of only 0.02 to 0.04 optical density unit in the blank and indicates that 
the starch column has been thoroughly freed of ninhydrin-positive material 
in the preliminary washing procedure. It is indicative also of the adequacy 
of the silicone film on the tip of the chromatograph tube and the funnel. 
In earlier experiments, before these parts of the glassware were coated, a 
relatively large artifact peak was usually obtained at position A. A con- 
trol experiment with a strong solution of methyl red in the acidic solvent 
demonstrated that, during a 1 to 3 day run on unfilmed glassware, a small 
amount of solid material was deposited around the outside of the tip of the 
funnel as a result of creepnig and evaporation of the solvent. Similarly, a 
deposit of some of the solute could be seen around the periphery of the 
flowing stream of the effluent within the funnel. When the solvent was 
subsequently shifted to one of higher water content, and consequently 
different surface properties, some of this residue was redissolved and 
emerged as the artifact peak. A similar experiment with glassware ren- 
dered hydrophobic by a silicone film showed no residual deposit of methy] 

red on any part of the tip or funnel. 

The shift from one solvent to another, after a sample has been added toa 
chromatogram, has proved practical only with solvents that are miscible 
with water in all proportions. When an attempt has been made to shift 
a butyl-benzyl alcohol column to a propyl alcohol-water solvent, drop- 
lets of water have formed at the interface, thus destroying the efficiency 
of fractionation (2). 

Analysis of Effluent Fractions—The concentration of amino acid in the 
effluent fractions is determined by the photometric ninhydrin method (3). 
For the 0.5 cc. fractions, 2 cc. of the ninhydrin reagent are used. ‘The 
solvents possessing a total acidity of 0.025 n or less do not require neu- 
tralization. Samples of the 2:1 n-propy! alcohol-0.5 n HCl mixture, how- 
ever, must be neutralized just before the addition of the reagents. For 
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routine work, a burette tip of appropriate size can be prepared to deliver 
0.10 cc. of alkali per 2 drops. A rack of 50 tubes can conveniently be 
moved along underneath a burette dripping at a constant rate. The rack 
should be shaken by hand after the addition of the alkali. The concentra- 
tion of NaOH (about 0.8 Nn) is adjusted so that, in the titration of test 
samples, 2 drops leave the fractions slightly acidic. The amount of alkali 
added should be such that an additional 0.1 cc. of 0.1 N NaOH is required 
to render the samples alkaline to phenolphthalein. One purpose of keeping 
the samples slightly acid is to avoid loss of ammonia from the NH,Cl 
peak. 

After a solvent shift, as in Fig. 1, it is necessary to locate the effluent 
fraction at which the increase in acid concentration occurs. A small 
drop of 0.02 per cent phenolphthalein in ethanol is added to the twenty- 
eighth fraction after the time of change of the solvent on the top of the 
column. Depending upon whether this tube is or is not rendered alkaline 
by 1 drop of the approximately 0.8 n NaOH, the tubes ahead or after it 
are treated similarly until the point is determined at which all subsequent 
fractions require 2 drops of the alkali. The subsequent additions are made 
without use of the indicator. By this procedure a few of the fractions 
around the change point may be overneutralized. No significant errors 
have been observed when the increase in acid concentration occurs during 
the first two or three fractions containing serine, but as already men- 
tioned, it is preferable to have the change occur earlier. 

For an experiment such as that illustrated in Fig. 1, every effluent frac- 
tion is analyzed until after the emergence of glycine. From that point on, 
analysis of every other fraction is sufficient. If the first chromatogram on 
an unknown sample shows areas in which there are no peaks, such as the 
long valley between tyrosine and proline in Fig. 1, the number of analyses 
required in a duplicate experiment can be reduced by omitting some of the 
fractions... If the chromatogram is being run for the determination of only 
one or two amino acids, the rest of the curve can be neglected. The solvent 
mixture referred to in Fig. 2 is usually employed only to separate glutamic 
acid and alanine, and generally the first 45 cc. of effluent are collected as a 
fore fraction before the column is placed on the fraction collector. If 
accuracy to the last few per cent is not important, the amount of ninhydrin 
required can be halved by the use of only 1 cc. of ninhydrin solution per 
0.5 cc. sample. 

The choice of blanks against which the amino acid peaks are read is 
crucial for maximum accuracy in the integration of the curves. In many 
instances the average blank tube for the base-line of the effluent curve 
can be readily determined in the manner previously outlined (2). In the 
first part of Fig. 1, there are blank tubes ahead of leucine and in the valleys 
before proline and threonine. The proline peak, reddish yellow in color, 
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is read at 440 mu. There is always the possibility, however, that a given 
group of tubes taken for ninhydrin analysis may not contain an adequate 
number of fractions from the blank sections of the curve. Therefore, 
three or more empty photometer tubes are added routinely to each rack of 
samples submitted to the ninhydrin analysis. The prescribed amount of 
ninhydrin solution is added to all the tubes. The reagent blank, obtained 
on the tubes which received only the ninhydrin solution, may vary slightly 
from day to day or with the batch of reagent solution. The reagent 
blank frequently amounts to 0.14 to 0.20 optical density unit when read 
against a reference tube of 1:1 n-propyl alcohol-water (3). The column 
blanks with the 1:2:1 solvent of Fig. 1 and the 2:1:1 solvent of Fig. 2 are 
usually not identical with the reagent blank, differing by perhaps 0.01 
optical density unit. If there is no definite group of column blanks in the 
set being analyzed, the tubes can be read against the reagent blank. ‘The 
readings can subsequently be corrected to a column blank by reference to 
the differential between the column blank and the reagent blank in the 
preceding or the following day’s analyses. 

The change of solvent to 2:1 n-propyl alcohol-0.5 n HCl introduces 
changes in the column blank. Following the emergence of the artifact 
peak (A in Fig. 1), the solvent of increased water content which is then 
emerging may give a reading that is 0.01 to 0.03 optical density unit higher 
than the reagent blank. An additional rise of 0.01 to 0.02 unit takes place 
at the point where the increased acid concentration appears in the effluent. 
The valley between serine and glycine does not always fall to the base-line, 
and the column blank for both of these peaks is, therefore, taken in the 
valley after glycine. The fractions before or after the ammonia peak pro- 
vide the blank in this range. In order to obtain accurate values for am- 
monia, a standard solution of NH,Cl and its appropriate blank should be 
run along with the column samples (3). The base-line for the arginine peak 
is taken from the valley between ammonia and arginine. The fractions 
between arginine and lysine usually return to this same value, but not 
invariably. 

It has been found that quantitative recoveries of lysine, histidine, and 
cystine are obtained only when these amino acid peaks are read against the 
column blank taken after the emergence of cystine. The valleys in this 
range do not always fall to the base-line. Since cystine is the last amino 
acid to emerge, the proper blank is usually not available when the lysine 
and histidine peaks are analyzed. In this range, therefore, the tubes are 
read against the fraction giving the lowest reading or against the reagent 
blank as zero. If some of the tubes have been read against a fraction 
which gives a reading 0.05 optical density unit above the reagent blank, 
and the final column blank after cystine has dropped to 0.02 unit above the 
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reference tubes, the correction is made by adding 0.03 unit to the appro- 
priate fractions before integration of the peaks. 

The variations in the blank and the need for the use of these corrections, 
however, mean that the accuracy of integration of the peaks after the 
solvent shift in Fig. 1 is, as a rule, not as satisfactory as that obtained in 
chromatograms developed with a single solvent mixture. 


TaBLe I 
Ninhydrin Color Yields from Amino Acids in Organic Solvent Solutions 
Determined on 0.5 cc. samples of 0.35 mm solutions of the amino acids. Heating 


time 20 minutes. The samples in 2:1 n-propyl alcohol-0.5 n HCl were neutralized 
with 0.1 ec. of about 0.8 n NaOH prior to analysis. 





Color yield on molar basis relative to leucine in water, read at 570 mp 








— 1:2:1 n-butyl alcohol-n-propyl | ptt wy 2 lat eK ed 
alcohol-0.1 x HCI (@% =0.862) | alcohol.0.1 w HCI | (on = 0.882) 

MBUNIHOS 2.6 ho dwt te | 0.99 1.00 
RGM. . ics a | 1.02 | 
Phenylalanine........... | 0.85 0.85 
Bch Lwitanedagen | 1.01 1.02 | 
MEBGCRIOUINIG;.<cccwaccsccas | 1.00 | 
Piveding........ 60sec | 0.86 | 0.86 
RN ASS bes awe dedt | 0.05 (0.27 at 440 mz) | 0.05 
Glutamic acid........... 1.02 | 1.02 
EE ee ery ee | 1.02 | 1.00 | 
MMEOOTING «aos 6 85.0300 9's 0.94 | 
Repertic acid............ | 0.89 
Lat a eee 0.94 
ee Pe 0.98 
eee | 0.98 ca.* 
NNN 5.36 551556 Haseena ses | | 0.97 
SES eee ere ee | 1.14 
MOET oa. ars 5 Gos e | 1.01 
a ee | 0.54 





*For accurate ammonia determinations the factor should be checked with a 
known NH,CI solution run at the same time as the unknown (cf. (3)). 





Calculations—The procedure for integration of the curves has been out- 
lined earlier (3). When only every other effluent fraction is analyzed 
(.e., ammonia through cystine, Fig. 1), satisfactory recoveries are obtained 
by doubling the usual summation (cf. (3), Table V*). For the relatively 
volatile solvent mixtures referred to in Figs. 1 and 2, the entire 0.5 cc. 


‘Table V (3) contains an error. In the third line of the integration below 


Table V, read ‘‘Sum of Fractions 37-40 and 45-47” for “Sum of Fractions 37-42 and 
46-47.” 
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sample evaporates during the 20 minute heating in the water bath. For 

unneutralized samples, the calculated correction factors for 5, 10, and 15 

ec. of diluent (cf. (3), Table III) become 0.230, 0.216, and 0.212. For 

samples which have been neutralized with 0.10 cc. of NaOH, the factors | 

are 0.232, 0.218, and 0.212. In the integration of the curves, the summa- | 

tions of the uncorrected amino acid concentrations are routinely multiplied ; 

by one-half the above factors (cf. (3), Table V5). The whole factors are 

used for the conversion of the analytical results to leucine equivalents in ( 

plotting the curves for publication and in the determination of ninhydrin 

color yields on standard solutions. If only 1 ec. of the ninhydrin solution 

is used per 0.5 cc. sample, the evaporation loss is about 0.62 cc. The factors 

are 0.193, 0.196, and 0.199 for unneutralized fractions and 0.196, 0.198, 

and 0.199 for samples neutralized with 0.1 ec. of NaOH. e 
The ninhydrin color yield for each of the amino acids has been determined 

in the solvent in which it emerges from the column. The yields given in 

Table I should be checked under the user’s experimental conditions (3). 

It is convenient to prepare 2 mM standard solutions which are diluted to 


about 0.35 mm for analysis. The blanks consist of 0.5 cc. aliquots of the L 
same sample of solvent. P 

Use of the color yield of 0.27 for proline at 440 my is the same as mul- : 
tiplying the leucine equivalents by 3.7, as previously described (3). For = 
publication, the proline curve has been corrected, whereas the other peaks T 
have been left in terms of leucine equivalents. As 

In most instances, the choice of fractions to be included in the integration Se 
of a given amino acid peak is evident from the graph of the results. In Gl 
those cases in which the valley between two peaks does not fall to the base- 
line, one-half of the quantity of amino acid represented by the low point of | Ly 
the valley is assigned to each peak. This procedure has given satisfactory Hii 
integrations when the valley is less than half the height of the smaller, of Cy 


the two peaks. In the present experiments, no pairs of peaks have been 
encountered which required an attempt to apply the method of calculation 
for overlapping components used in the case of tyrosine and valine in the 
butyl-benzyl alcohol solvent (2). to | 


In the experiment shown in Fig. 2, proline overlaps glutamic acid. The and 
entire glutamic acid curve is read at 570 my, and the integration subse- #09 
quently corrected for the contribution of proline, which has a color yield " 
of only 0.05 (relative to leucine as 1.00) at this wave-length (cf. (3)). ie 

Quantitative Analysis of Synthetic Mixtures—The results obtained by the ion 
integration of the curves in chromatograms of the type shown in Fig. | “eas 
are summarized in Table II. The synthetic mixture of amino acids cor- thic 
responded in composition to an acid hydrolysate of bovine serum albumin. thee 


Cysteine was omitted since, as will be shown later (4), it was found not to anit 
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be present in protein hydrolysates that had been repeatedly evaporated to 
dryness in order to remove excess HCl. 

The separation of phenylalanine from leucine plus isoleucine is not 
sufficient to permit fully reliable division of the peaks. Since leucine and 
isoleucine are usually present in by far the larger quantity, the percentage 
recovery may be fairly accurate for these two amino acids. The phenyl- 
alanine values, although more variable, are frequently accurate to +5 per 
cent. If the column is loaded more heavily, however, as is sometimes 


TABLE II 
Recovery of Amino Acids from Known Mixture Containing Eighteen Components 
Solvents, 1:2:1 n-butyl alcohol-n-propyl alcohol-0.1 n HCl followed, after the 
emergence of aspartic acid, by 2:1 n-propyl alcohol-0.5 Nn HCl (ef. Fig. 1). 


Per cent recovery 


Constituent Amount = 
present ~ . . 
 Seareaae | Chem | Cecelia | seal 
| mg 

Leucine-isoleucine. . . ....| 0.364 | 99.4 99.5 101.5 100.3 
Phenylalanine. . . cote teens 0.165 | 94.8 96.1 94.8 95.2 
Valine-methionine-tyrosine....... 0.354 | 99.6 101.0 100.1 100.2 
Proline. ..... I ee ee eet 0.136 99.7 97.8 100.0 99.2 
Glutamic acid*-alanine........... 0.515 | 95.2 94.6 96.8 95.5 
SR POUAEIRO. .'s:5- nc5'o) «-3 cs warsidin oc Re 0.201 | 97.5 101.0 102.0 100.2 
SUED os vss ¢ cece eagnceen 0.267 | 93.5 94.1 94.7 94.1 
Serine. . ry 0.118 100.0 99.8 101.2 100.3 
Glycine sv etacaep OLOGE 99.1 100.5 101.0 100.2 
PTE 05s) >- <a 235.8 cae a 0.024 | 102.0 99.5 104.5 | 102.0 
Arginine......... city. odearelee 0.143 | 97.7 102.8 105.0 | 101.8 
MEN yo 8c: Lighc aa ous aa ete Meee 0.302 | 96.3 103.0 99.5 99.6 
Histidine. ...... ORT ee 0.094 | 99.7 104.6 97.4 100.6 
Cystine inet ednaadegveweeep ene Ly Sere 102.7 101.5 97.9 
All constituents................ 2.867 | 97.3 99.3 99.6 98.7 


* When the value for glutamic acid is corrected for the 7 per cent low recovery due 
to esterification, the recoveries for glutamic acid plus alanine become 100.2, 99.7, 
and 101.7 per cent. The aspartic acid recoveries, which run 6 per cent low, may be 
similarly corrected to yield the figures 99.4, 99.9, and 100.8 per cent. The total re- 
coveries, on this basis, become 98.6, 100.8, and 101.0 per cent. 


desirable in order to attain higher accuracy in the analysis for the basic 
amino acids, the resolution of leucine plus isoieucine and phenylalanine 
becomes less satisfactory than that indicated by Table II. Valine, me- 
thionine, and tyrosine are integrated as a group. On an unknown solu- 
tion, the principal calculation of value for these combined peaks is the 
estimation of the total amino nitrogen in leucine equivalents. 
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Proline and threonine emerge as well defined peaks before the solvent 
shift and are recovered quantitatively. Adjacent to them, however, are 
the peaks for glutamic acid plus alanine and aspartic acid for which, it 
will be noted, the recoveries are low. It has been found that the yields 
of glutamic and aspartic acids are low in this solvent as a result of esterifica- 
tion. With unknown mixtures, the aspartic acid values obtained by in- 
tegration are divided by 0.94 to give corrected figures. 

The procedure which has been outlined for the establishment of the 
blank after the solvent shift permits quantitative recoveries to be obtained 
for the peaks emerging after the change to 2:1 n-propyl alcohol-0.5 n 
HCl. 

The results obtained in the separation of glutamic acid and alanine with 
2:1:1 tert-butyl alcohol-sec-butyl alcohol-0.1 Nn HCl are summarized in 


TaB_e III 
Recovery of Glutamic Acid, Alanine, and Other Amino Acids from Synthetic 
Mixture 
Solvent, 2:1:1 tert-butyl alcohol-sec-butyl alcohol-0.1 Nn HCl (ef. Fig. 2). The 
mixture contained eighteen components (cf. Table II). 





Per cent recovery 











‘ | Amount 
Const PRI OF season onan 
— present | Chromato- | Chromato- | Chromato- | ro 
gram 474 | gram 543 | gram 481 ae 
| mg. | | 
Leucine-isoleucine............... | 0.373 99.0 | 100.8 | 99.9 
ee | 0.169 | 101.6 | 103.6 | 102.6 
Valine-methionine-tyrosine....... | 0.363 100.6 104.4 102.5 
OO | 0.426 96.3 97.8 100.2 98.1 
¥ 


Me A eka aba pe ok as | 0.102 97.3 101.3 97.5 98. 





Table III. Esterification of glutamic acid is negligible in this solvent mix- 
ture, as evidenced by the essentially quantitative recovery of the amino 
acid. The chromatogram also provides an alternative determination of 
phenylalanine, which is well separated in this case. If methionine is 
absent, the column can yield quantitative values for tyrosine and valine. 
In most instances, the column has been used only for the separation of 
glutamic acid and alanine. The valley does not fall to the base-line, and 
it sometimes is necessary to reduce the load on the column in order to 
obtain adequate resolution. 

Accuracy of Chromatographic Analysis—In general, the chromatographic 
procedure on starch columns is capable of yielding recoveries of 100 + 
3 per cent. The average recoveries for the components of the synthetic 
mixture used in the chromatograms summarized in Tables II and III are 
well within this range. The deviations which do occur appear to be random 
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and cancel out, in part, in the calculation of the total recovery for the sum 
of the amino acids, which is almost invariably accurate to +1 per cent. 
In any given experiment, however, a number of factors operate to reduce 
the accuracy of the analysis for one or more of the constituents. The 
amount of a given amino acid present is the principal variable. When a 
mixture contains ten or twenty components, it is probable that a loading for 
the column which is optimum for some will not be the most favorable for 
all of the amino acids. When the optical density readings on the peak 
points of a curve are as low as 0.20, a variation of 0.01 unit in the blank can 
cause an error of 10 per cent in the integration. Some of the peaks inte- 
grated for Table II fall into this category. The accuracy of the recoveries 
indicates that, in practice, the averaging of a series of blanks usually 
establishes the base-line to considerably better than 0.01 optical density 
unit. But the determination is on a sounder basis if the load on the column 
can be increased to give a peak reading of 0.50 to 1.00 optical density unit. 
An increase in the total load, however, as has already been mentioned, 
can have an adverse effect upon the degree of resolution obtained in the 
case of components present in relatively large amounts. An attempt to 
obtain an adequate picture of the composition of a mixture in a single 
chromatogram will usually require a compromise on the question of the 
optimum load for the column. If the emphasis is on the determination of 
only a few specific constituents of the mixture, the load can be adjusted to 
give maximum accuracy for these amino acids. In the case of low peaks, 
it should also be possible to obtain increased accuracy by using 4 times the 
present sample size on a column 2 cm. in diameter, if 2 cc. effluent fractions 
are collected and concentrated to 0.5 ce. before analysis. 


DISCUSSION 


Identification of Amino Acid Peaks—A discussion has already been given 
(2) of the general measures which can be taken to assist in the identifi- 
cation of a peak on an effluent concentration curve. The problems as- 
sociated with the interpretation of the results obtained with unknown mix- 
tures were enumerated for the butyl-benzyl alcohol experiments (2) and 
apply with added emphasis to the present curves. The positions of the 
peaks shown in Fig. 1, together with the points of emergence of a number of 
additional amino acids® and related compounds, have been summarized in 
Table IV. The absolute value for the position of a peak is not as useful an 
aid in identification as it was in the case of simpler chromatograms. As 
in the earlier experiments, the relative positions of the peaks are highly 
reproducible. The same general pattern has been obtained routinely on 

* We are indebted to Dr. A. Hiller and Dr. D. D. Van Slyke for a sample of hy- 


droxylysine, to Dr. H. T. Clarke for a sample of cysteic acid, and to Dr. H. Borsook 
for a sample of a-aminoadipic acid. 
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both synthetic mixtures and protein hydrolysates. In a given experiment, 
however, all the peaks may emerge somewhat faster or slower than in- 
dicated by Table IV. Shifts of as much as 10 per cent have been obtained. 
These deviations can result from a number of causes, among which may be 
mentioned small variations in the amount of starch introduced during the 
pouring of the column, slight differences in the composition of the solvent 
mixtures, and errors in the adjustment of the size of the fractions collected. 


TABLE IV 
Order of Emergence of Amino Acids and Related Compounds 
Determined on columns 0.9 X 30 cm. prepared from 13.4 gm. of starch (anhy- 
drous), developed with 1:2:1 n-butyl alcohol-n-propyl alcohol-0.1 N HCl and shifted 
to 2:1 n-propyl alcohol-0.5 n HCl at 83 ec. 














Compound (cf. Fig. 1) piper Additional compounds peter 
cc. ce. 
Leucine-isoleucine 13.5 Diiodotyrosine 12.5 
Phenylalanine 16.5 Tryptophan 18 
Valine 24 a-Amino-n-butyric acid 38 
Methionine 26 a-Aminoadipic acid 41 
Tyrosine 28 Cysteic acid 64 
Proline 52 Taurine 74 
Glutamic acid-alanine 59 Hydroxyproline 80 
Threonine 75 Sarcosine 84 
Aspartic acid 82 Citrulline 98.5 
Serine 100 Ethanolamine 102 
Glycine 106 Asparagine 121 
Ammonia 117 Glucosamine 126 
Arginine | 136 Histamine 160 
Lysine | 149 Ornithine 176 
Histidine = 163 Hydroxylysine 180 
Cystine | 179 


The exact point of the solvent shift, of course, affects the positions of the 
peaks after aspartic acid. These variations mean that, in a given chromato- 
gram, a peak emerging at 163 cc., for example, cannot be stated to occur 
at the histidine position, unless it has been placed either by reference to the 
sequence of the other peaks from the sample or by observance of the rise 
of the peak at this position after the addition of known histidine. 

Considerable variations have also been observed in the absolute positions 
of the peaks in Fig. 2. The deviations are believed to result from varia- 
tions in the moisture content of the samples of tert-butyl alcohol from which 
the solvent has been prepared. If proline is present, its characteristic 
color in the ninhydrin reaction serves to identify the beginning of the 
glutamic acid peak, 
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The relative positions of the peaks are fully reproducible only if the 
column has not been overloaded. The amounts of each amino acid used 
for Fig. 1 are low enough so that the column is capable of yielding fairly 
symmetrical effluent curves. As the load of a given component is increased, 
a point is reached at which the peak in question begins to show a steep 
front, indicative of a non-linear isotherm. The tail portion of the peak is 
identical in position and slope with the right-hand half of the peak in Fig. 
1, but the increased load will have advanced the point of maximum con- 
centration 1 to 3 cc. ahead of its former position. If this trend is extended 
by increasing the load to 10 to 20 times the present level, the position of 
the advancing front is markedly moved ahead. In general, a 2-fold in- 
crease over the amounts given in Table II does not lead to significant dis- 
tortion of the peaks, but, as already mentioned, the degree of increase in 
the load which is tolerable will depend upon the objectives of the given 
experiment. 

The second column of Table IV gives the positions of some amino acids 
and related compounds not covered by Fig. 1. As the number of possible 
components in a mixture is increased, the problems of identification are 
multiplied, and no general solution can be offered. By the use of addi- 
tional solvent mixtures, a number of the overlaps in Table IV may be re- 
solved. Diiodotyrosine emerges with leucine and isoleucine, but can be 
differentiated on a butyl-benzyl alcohol chromatogram (2). Tryptophan 
coincides with phenylalanine in the solvent mixture referred to in Table IV, 
but can be determined with 0.1 N aqueous HCl (cf. Fig. 3). In acid hy- 
drolysates of proteins the problem seldom arises, since tryptophan is usu- 
ally decomposed during the hydrolytic process (2). Either a-amino-n- 
butyric acid or a-aminoadipic acid, if present, would appear as a new peak 
midway in the valley between tyrosine and proline. Cysteic acid has been 
found to give a clearly defined peak on the right side of the curve for glu- 
tamic acid plus alanine. Taurine is indistinguishable from threonine in 
this solvent, but moves ahead of glutamic acid in 2:1:1 tert-butyl alcohol- 
sec-butyl alcohol-0.1 nN HCl. Hydroxyproline travels at a rate similar to 
that of aspartic acid. Although hydroxyproline cannot be determined in 
this solvent mixture, its color yield is only 0.03 at 570 mu, and unless pres- 
ent in unusually large quantities, it will not interfere with the estimation of 
aspartic acid. Citrulline and ethanolamine are slightly to the left and the 
right, respectively, of serine. The presence of either of these substances 
will be manifested by a broadening of the peak in the serine position. 
Glucosamine, if present, would appear as a peak midway between ammonia 
and arginine. Ornithine and hydroxylysine both coincide with cystine. 
With protein hydrolysates, therefore, the maximum possible amount of 
cystine present should be calculated from the total sulfur minus the meth- 
ionine sulfur. If the amount of ninhydrin color in the cystine position ex- 
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ceeds that allowed by the calculation, the presence of additional com- 
ponents in the cystine range is indicated. 

The fact that p-, L-, and pL-amino acids travel at the same rates on 
starch columns (2) has been checked in the present experiments with the 
L and pt forms of proline, glutamic acid, alanine, threonine, aspartic acid, 
and serine. 

Behavior of Cysteine—When a freshly prepared solution of cysteine hy- 
drochloride is added to a column with 1:2:1 n-butyl alcohol-n-propy! al- 
cohol-0.1 N HCl as the solvent, the amino acid is gradually oxidized to 
cystine and no cysteine peak is obtained in the effluent. No ninhydrin- 
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Fia. 3. Separation of tryptophan, with 0.1 Nn HCl as solvent, from a synthetic 
mixture containing eighteen components. 


positive material emerges from the column until after the shift of solvent 
to 2:1 n-propyl alcohol-0.5 n HCl. In the range of arginine a long flat 
zone begins and continues up to the position of cystine, where a definite 
peak occurs. The absorption maximum of the material in this broad zone 
is at 570 mu, whereas the absorption maximum of cysteine is at 470 my 
(3). The acidity of the initial solvent is thus insufficient to maintain 
cysteine in the reduced state. When this amino acid is allowed to stand 
in the 1:2:1 solvent at atmospheric pressure, about 45 per cent of the 
cysteine is oxidized in 24 hours. The rate of oxidation on the column is 
probably accelerated by the increased amount of air in the solvent which 
enters the column under 15 cm. pressure. 

Cysteine, if present in a sample of amino acids applied to the column, 
would interfere with the determinations of the basic amino acids. In the 
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chromatographic work with protein hydrolysates, however, the presence of 
cysteine has not, thus far, been detected (ef. (4)). 

Cysteine is fairly stable in the more strongly acid solvent, 2:1 n-propyl 
alcohol-0.5 N HCl. If the column is run from the beginning with this 
solvent mixture, a cysteine peak (absorption maximum 470 my) is obtained 
near the position of threonine (cf. Fig. 4). 

Separation of Tryptophan—The behavior of tryptophan on a column run 
with aqueous 0.1 N HCI has been referred to previously (1,2). The column 
for this purpose is poured in butyl alcohol and washed with 1:1 n-propyl 
alcohol-0.5 n HCl as usual before being shifted to 0.1 Nn HCl. The curve 
obtained with the synthetic bovine serum albumin mixture to which tryp- 
tophan had been added is given in Fig. 3. The first peak contains most 
of the components of the mixture. Only the aromatic amino acids are 
appreciably retarded, and tryptophan emerges as a completely separated 
peak. The color yield of tryptophan in the neutralized 0.5 cc. samples has 
been 0.72 (3) and the recoveries from the chromatogram have been 100 + 
3 per cent. 

Esterification in Acidic Solvents—The fact that the amino acids should 
not be allowed to stand in an acidic alcoholic solvent before the sample is 
placed on the column has been noted previously (2). Aspartic and glu- 
tamic acids are the only amino acids which have shown measurable esteri- 
fication on the starch column during the course of the present experiments. 
The degree of ester formation is a function of the amount of water in the 
solvent mixture, the HCl concentration, the nature of the alcohols, and the 
time of contact. In the chromatograms with 1:2:1 n-butyl alcohol-n- 
propyl alcohol-0.1 N HCl the recoveries of aspartic and glutamic acids 
have been 6 and 7 per cent low, respectively. The percentage loss is in- 
dependent of the amounts of the amino acids present. If the column is 
developed from the beginning with 2:1 n-propyl alcohol-0.5 nN HCl (ef. 
Fig. 4), the losses of these two amino acids are 10 and 20 per cent. Ona 
column developed with n-butyl alcohol-17 per cent 0.57 N HCl (2), the 
recoveries are low by 20 and 30 per cent. 

If the synthetic mixture of amino acids is allowed to stand for 1 week in 
the 1:2:1 solvent before the sample is placed on the column, two small 
additional peaks appear ahead of leucine plus isoleucine in Fig. 1. The 
yield of glutamic acid is about 20 per cent low and that of aspartic acid 
about 10 per cent low. All other components are quantitatively recovered. 
The small amount of esterification which occurs during the usual chromato- 
graphic experiment is not manifest in any way other than in the reduction 
of the yields of aspartic and glutamic acids. The esters, as they are con- 
tinuously formed, move fairly rapidly through the column and doubtless 
contribute some ninhydrin color to all the effluent fractions preceding the 
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glutamic and aspartic acid peaks. The quantity of ester is so small, how- 
ever, and is distributed over so many fractions that the increase in nin- 
hydrin color for any given fraction is almost imperceptible. 

It has already been noted that in the mixture of secondary and tertiary 
alcohols used for the separation of glutamic acid and alanine (Fig. 2) esteri- 
fication appears to be negligible. 

Studies on Other Solvent Mixtures—In the chromatographic separation of 
the faster moving amino acids described in the previous communication 
(2), neutral water-immiscible organic solvents such as n-butyl alcohol and 
benzyl alcohol were used with columns 30 cm. in height. In order to elute 
some of the slower moving amino acids from such columns, inconveniently 
large effluent volumes are required. As the concentrations in the effluent 
become more dilute, the analytical accuracy is decreased. By the use of 
these same solvents with shorter columns (7.5 cm. in height), proline, 
alanine, and threonine can be eluted satisfactorily (1). The number of 
effective plates in a column, however, or the potential resolving power of 
the chromatogram is proportional to its length, and consequently it is 
preferable to use the longest column compatible with convenient laboratory 
operation. In order to attain satisfactory rates of travel for the slower 
moving amino acids on columns 30 cm. in length, a variety of solvent mix- 
tures have been studied. 

Neutral n-propyl alcohol-water mixtures were investigated on starch 
columns poured in butanol, washed to constant blank with the neutral 
solvent, and treated with 8-hydroxyquinoline (2). With 2:1 n-propy] al- 
cohol-water, a curve was obtained which was similar to the first portion of 
Fig. 1, except that glutamic acid and aspartic acid were not present as dis- 
crete peaks but were spread out in a long low plateau extending from 60 
to 100 cc. of the effluent. The other amino acid peaks emerged somewhat 
ahead of their positions in Fig. 1, threonine being at 51 cc. The last peak, 
which emerged at 71 cc., was composed of both serine and glycine. ‘There 
also appeared, between proline and alanine, a large artifact peak which 
proved to result from ninhydrin-positive material eluted from the starch 
by the HCl in the amino acid sample. It was found that a small amount 
of either HCl or NaCl, when added to the top of the column, was capable 
of liberating material containing amino nitrogen, which moved down the 
column as a discrete zone and emerged as an irregular peak just ahead of 
the alanine position. The 2:1 n-propyl alcohol-water experiment provided 
a possible determination of proline, alanine, and threonine. The presence 
of the artifact peak and the unsatisfactory behavior of the acidic amino 
acids were marked disadvantages. 

Glutamic acid and aspartic acid were obtained as normally sharp peaks 
in the alanine-threonine range when 0.25 N acetic acid was substituted 
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for water in the 2:1 mixture with n-propyl alcohol. The artifact peak 
was still present, however, and there was overlapping of the components. 
In an attempt to eliminate the artifact, the starch column was treated with 
HCl and propyl alcohol, as described in the experimental section, until 
all ninhydrin-positive material had been eluted. The solvent was then 
changed to 2:1 n-propyl alcohol-water. When an amino acid mixture 
containing no HCl or NaCl was added to the column, the amino acid 
peaks were markedly retarded by the acid-washed starch. As an alterna- 
tive procedure, a column was cleaned until ninhydrin-negative by using 
2:1 n-propyl alcohol-0.1 N NaCl. The column was washed free of chloride 
ion with 2:1 n-propyl] alcohol-water and the amino acid sample was added 
as usual. With the NaCl-washed starch the neutral amino acid peaks 
were sharp and there was no artifact zone. The peaks of the acidic amino 
acids, however, although they appeared in the proper range, were markedly 
broadened. As aresult the curve was similar to Fig. 1, except that alanine, 
glutamic acid, threonine, and aspartic acid emerged as a group. Serine 
and glycine gave overlapping peaks at 67 and 71 cc. The inclusion of 
0.5 N acetic acid or 0.5 N pyridine in the solvent did not improve the resolu- 
tion in the acidic amino acid range. If acid-washed starch was suspended 
briefly in dilute NaOH and washed free of alkali, a product was obtained 
which behaved similarly to NaCl-washed starch. 

Thus, the acidic amino acids have not yielded fully satisfactory results 
on starch columns developed with neutral unbuffered solvents. In addi- 
tion, the properties of starch are such that both unwashed and NaCl- 
washed samples have a strong affinity for the basic amino acids. Even 
when only water is used as the solvent, the basic amino acids travel ex- 
tremely slowly. Although the characteristics of neutral columns have 
thus not proved favorable for analytical work, it is possible that they may 
be useful in certain cases for preparative experiments. The effluent con- 
tains a minimum of carbohydrate impurities, whereas the effluent from 
columns run with acidic solvents is ninhydrin-negative but not carbo- 
hydrate-free. Although the columns prepared with acidic solvents retain 
their efficiency over periods of several weeks, starch is not fully stable 
under these conditions and some carbohydrate material is continuously 
passing into the effluent. The separation of amino nitrogen-containing 
constituents from carbohydrates in the effluent does not present major 
difficulties in some cases, but further work is required to facilitate the 
isolation of components from the effluent of columns run with acidic sol- 
vents. 

In early experiments, attempts were made to achieve satisfactory rates 
of travel of amino acids on the column simply by varying the water content 
of propanol-water mixtures. It was found, however, that, although the 
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amino acids emerged at greater effluent volumes as the amount of water in 
the solvent was decreased, this retardation was accompanied by a broaden- 
ing and flattening of the peaks when the water content was reduced below 
about 30 per cent. Thus, 3:1 n-propyl alcohol-water gives a curve in 
which a peak emerging at a given effluent volume is slightly lower and 
broader than its counterpart in a 2:1 solvent. If the water content is 
reduced from 25 to 20 per cent, a comparison of the peaks emerging at the 
same effluent positions shows those in the 4:1 solvent to be about halved 
in height and doubled in width. A further reduction in the amount of 
water, to 12 per cent, causes the amino acids to emerge at a fairly steady 
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Fic. 4. Separation of amino acids on a chromatogram carried out with 2:1 
n-propyl] alcohol-0.5 n HCl. 


low concentration level devoid of discrete peaks and valleys. Similar 
effects are noted with n-butyl alcohol when the water content is reduced 
below 15 per cent. Combinations of n-propyl and n-butyl] alcohols, as 
used in the 1:2:1 n-butyl alcohol-n-propyl alcohol-0.1 N HCl solvent, 
permit mixtures to be employed which have water contents intermediate 
between 15 and 30 per cent without there being manifest any undesirable 
broadening of the peaks. 

It may prove desirable for some purposes to run the column from the 
beginning with 2:1 n-propyl alcohol-0.5 N HCl, instead of employing 4 
solvent of lower water and HCl content for the first part of the curve. 
The results of such an experiment are shown in Fig. 4. The resolution of 
the faster moving amino acids is less satisfactory than in Fig. 1. The 
losses of glutamic and aspartic acids as a result of esterification are greater, 
as already noted. The fact that ammonia and arginine emerge together 
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is a disadvantage. Nevertheless, the solvent may have some utility for 
screening work. A general picture of the composition of a mixture of 
amino acids is obtained in a 4 day experiment, instead of the 7 days re- 
quired to obtain the results shown in Fig. 1. 

Many experiments with acidic solvents other than the ones already 
described were carried out in an attempt to increase the resolution of the 
amino acids in the proline-aspartic acid range. Usually a preliminary 
experiment was performed with the synthetic serum albumin mixture. 
Inspection and integration of the curves were frequently sufficient to elim- 
inate a given solvent from further consideration. Some of the solvents 
were investigated in greater detail with simpler mixtures of amino acids. 
The only combination found which would completely separate glutamic 
acid and alanine was 3:1 tert-butyl alcohol-0.1 nN HCl. Because of its 
viscosity, this solvent gives excessively slow flow rates on the starch columns 
and has not been used routinely. The incorporation of 25 per cent sec- 
butyl alcohol in the mixture has given a satisfactory flow rate and reason- 
ably good separation of the two amino acids. Various other mixtures of 
0.1 N HCl with sec-butyl alcohol, tert-butyl alcohol, isobutyl alcohol, iso- 
propyl alcohol, methyl cellosolve, and butyl cellosolve were tried. The 
mixtures did not offer any general advantages over the solvents referred to 
in Figs. 1 and 2. 

In the present experiments, emphasis has been focused on solvents con- 
taining no non-volatile acids or salts which would tend to complicate the 
possible isolation of constituents from the effluent. A few chromatograms 
have been run with buffered solutions and with non-volatile acids. In 
2:1 n-propyl alcohol-0.5 Nn H;POu, the results were fairly similar to those 
shown in Fig. 4. In 2:1 n-propyl alcohol-0.5 Nn trichloroacetic acid, the 
basic amino acid peaks were advanced to positions on top of the components 
in the alanine-glycine range. No advantages in the proline-aspartic acid 
range were afforded by the use of 2:1 n-propyl alcohol-0.5 Nn monochloro- 
acetic acid. With 2:1 n-propyl alcohol-0.2 Nn citric acid the peaks were 
markedly broadened and resolution was inferior. 

When buffered solutions are used on starch columns, sharp peaks are 
obtained with both the acidic and basic amino acids. In 2:1 n-propyl 
alcohol-0.2 m citrate buffer, pH 5, the curve was similar to that in Fig. 1, 
except that glutamic acid and aspartic acid were shifted to the right. 
Glutamic acid emerged at a position on top of serine and glycine and was 
followed by the aspartic acid peak. The chromatogram was not con- 
tinued to cover the basic amino acidrange. Whena citrate buffer of pH 4 
was used, the basic amino acids were moved up to give an overlapping zone 
with glycine, serine, ammonia, and the acidic amino acids. In 3:2 n- 
propyl alcohol-0.08 m citrate buffer, pH 8, the relative rates of travel of the 
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basic amino acids were further increased to give a heavily bunched group 
in the center section of the curve. Solvents that are much more alkaline 
than pH 8 cannot be used with starch. With 0.1 N NaOH, the starch 
at the top of the column swells and gelatinizes in the presence of the strong 
alkali. 

Thus, both organic acids and the citrate buffers of pH 4 and 8 increase 
the rates of travel of the basic amino acids relative to the monoamino 
acids, thereby increasing the probability of overlaps in the chromatogram. 
The use of HCl possesses the advantage that minimum rates of travel for 
the basic amino acids are obtained, placing them in a region to the right of 
glycine. 

SUMMARY 


Chromatographic fractionation of amino acids on starch columns has 
been extended to include most of the common constituents of protein 
hydrolysates. The principal solvent mixture which has been used is 1:2:1 
n-butyl alcohol-n-propyl alcohol-0.1 N HCl followed, after the emergence 
of aspartic acid, by 2:1 n-propyl alcohol-0.5 n HCl. In experiments with 
synthetic mixtures containing seventeen amino acids and ammonia, this 
combination of solvents yields in a single chromatogram a curve which 
includes all the components, with a few overlaps. For analytical work, 
about 2.5 mg. of the amino acid mixture are required per chromatogram. 
Integration of the curves has given quantitative recoveries for proline, 
threonine, aspartic acid, serine, glycine, ammonia, arginine, lysine, his- 
tidine, and cystine. Glutamic acid and alanine emerge together but can 
be resolved in a separate chromatogram with 2:1:1 tert-butyl alcohol- 
sec-butyl alcohol-0.1 Nn HCl. The six most rapidly moving components 
are partially resolved and have been separated, as previously reported, on 
columns run with 1:1:0.288 n-butyl alcohol-benzyl alcohol-water for the 
determination of phenylalanine, leucine, isoleucine, methionine, tyrosine, 
and valine. Thus, by the use of three starch columns it is possible to 
separate from one another all the eighteen components. 

The average recoveries in duplicate or triplicate determinations have 
been 100 + 3 per cent. The positions of emergence of some of the less 
commonly occurring amino acids and related compounds have been de- 
termined. Tryptophan, although not usually present in acid hydrolysates, 
presents a special case and can be determined on a column developed with 
aqueous 0.1 N HCl. If desired, a variety of other solvents, including 
neutral, acidic, and buffered solvent mixtures, can be used satisfactorily 
with starch columns. 


The authors wish to acknowledge the assistance of Miss Enid Mellquist 
and Mr. H. R. Richter in the performance of this work. 
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AMINO ACID COMPOSITION OF £-LACTOGLOBULIN AND 
BOVINE SERUM ALBUMIN 
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(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, October 8, 1948) 


The experiments described in this communication are concerned with 
the use of starch columns (1-3) for the chromatographic determination of 
the amino acid composition of protein hydrolysates. The techniques out- 
lined in the preceding paper (3) have been employed to analyze hydrolysates 
of B-lactoglobulin and bovine serum albumin. In conjunction with the 
results of earlier chromatograms run with the butyl-benzy] alcohol solvent 
system (1), the analyses appear to have accounted for all the amino acids 
present in acid hydrolysates of these two proteins. Since numerous amino 
acid determinations have already been reported for both 6-lactoglobulin 
and bovine serum albumin, an opportunity is afforded for comparison of 
the chromatographic data with the results obtained by other methods. 

The experimental procedure used for the chromatographic analyses was 
identical with that employed in the preceding studies with synthetic mix- 
tures of amino acids (3). The sample of 8-lactoglobulin used in this work 
was prepared by Dr. G. Haugaard according to the method of Palmer 
(4, 5), and was one of the samples recently analyzed by Brand and cowork- 
ers (6). The bovine serum albumin, prepared according to the method of 
Cohn et al. (7), was obtained through the kind cooperation of Dr. Erwin 
Brand, and was the same preparation (Armour, Lot 18) analyzed in his 
laboratory. Hydrolysis was performed in the manner already outlined 
(1), with 200 volumes of 6 nN HCl twice distilled in glass. For convenience 
in manipulation, 250 to 500 mg. of protein were hydrolyzed. Since the 
chromatographic analyses require only 2.5 mg. per experiment, the pro- 
cedure for hydrolysis and for addition of the sample to the column can be 
scaled down, if desired, to permit the series of chromatograms to be com- 
pleted with 25 to 50 mg. of protein. 


Analyses of Hydrolysates of 8-Lactoglobulin 


A hydrolysate of 8-lactoglobulin was chromatographed with 1:2:1 n- 
butyl alcohol-n-propyl] alcohol-0.1 Nn HCl and 2:1 n-propyl alcohol-0.5 Nn 
HCl as solvents. The resulting effluent concentration curve, given in Fig. 
1, is similar in all respects to the curve obtained in experiments with a 
synthetic mixture containing seventeen amino acids and ammonium chlo- 
ride (3). The general pattern and the approximate positions of the peaks 
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are the same in the twocurves. There are no peaks in Fig. 1 which cannot pon 
be ascribed to the common amino acids. No evidence has been obtained, the 
therefore, for the existence in 6-lactoglobulin hydrolysates of unsuspected alec 
amino nitrogen-containing constituents. In order to confirm the positions  teg 
assigned to the peaks in Fig. 1, threonine, serine, and histidine were added glu 
to the hydrolysate. The designated peaks rose without loss of symmetry. not 
Since 6-lactoglobulin is a protein, the composition of which has already hyd 


been explored rather fully by a variety of methods, the identification 
of the peaks in the chromatogram can be made with a relatively high degree 
of certainty (1, 3). Characterization of the components of the peaks by 
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Fic. 1. Chromatographic fractionation of a hydrolysate of B-lactoglobulin. Sol- Arein 
vents, 1:2:1 n-butyl alcohol-n-propyl alcohol-0.1 N HCl and 2:1 n-propyl alcohol- losin 
0.5 n HCl. Column dimensions, 0.9 X 30 cm. Sample, an amount of hydrolysate Histic 
corresponding to about 2.5 mg. of protein. Cystii 
isolation of the amino acids from the effluent has not been attempted in Tot: 
these analytical experiments. 4 
Integration of Effiuent Curves—The quantitative data yielded by the tia 
experiment shown in Fig. 1, and replicates thereof, are given in Table I. 
The total nitrogen recoveries of 98.9 and 99.7 per cent indicate that the in the 
chromatogram has almost completely accounted for the nitrogenous com- repre: 
ponents of the hydrolysate. There are several approximations involved, and c 
however, in this calculation. As already mentioned (8), the peak for of B-l: 
valine plus methionine plus tyrosine yields only an approximate value for cent. 
the per cent of the total nitrogen of the protein attributable to these com- prepa 
bined amino acids. The peak is integrated by using a color yield of 1.00, the pe 


whereas the respective color yields for the individual components are 1.01, obtair 
1.00, and 0.86. The recoveries obtained for the first six fast moving com- nitrog 
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ponents in Fig. 1 are useful in the preparation of a nitrogen balance sheet for 
the chromatogram, but are replaced by the results from a butyl-benzyl 
alcohol column in later calculations. The glutamic acid plus alanine in- 
tegration also yields a slightly low figure, since a correction for losses of 
glutamic acid as a result of esterification is not included. Tryptophan is 
not present in the acid hydrolysate, as evidenced by the absence of nin- 
hydrin-positive material in the valley between phenylalanine and leucine 


TABLE I 
Chromatographic Analyses of Hydrolysates of 8-Lactoglobulin 
Solvents, 1:2:1 n-butyl alcohol-n-propyl alcohol-0.1 N HCl and 2:1 n-propyl alco- 
hol-0.5 n HCl (ef. Fig. 1). 

















Chromatogram 472 |  Chromatogram 491 ——_ 
Constituent pea ee a - - 
/Gm.amino| Nas per |Gm.amino| N as per Gm. amino 
acid per 100; centof acid per 100 cent of acid per 100 
gm. protein protein N (gm. protein) proteinN | gm. protein 
Leucine-isoleucine............| 22.6 (15.47 | 22.4 15.34 
Peenylalanine............65.. | 3.85 | 2.09 3.89 | 2.12 
Valine-methionine-tyrosine. . . . | 8.38 ca. | 8.30 ca. 
BEINN 5, coi crea n ig gels Are ase 5.29 | 4.18 5.16 | 4.03 4.96 
Glutamic acid-alanine......... 18.60 ca. 19.35 ca. 
re ere | 4.85 | 3.65 | 4.75 | 3.58 | 4.42 
Aspartic acid................. 11.46 | 7.74 | 11.64 | 7.86 11.47 
ESS ee | 3.56 | 3.04 | 3.76 | 3.21 3.37 
RS err er ees 1.35 | 1.62 | 1.48 | 1.77 | 1.34 
PINs, Sc35% wens ees | 1.44 | 7.61 | 1.47 | 7.76 | 1.45 
BG. .<civeciagiuaien 3.07 |6.34 | 2.74 | 5.66 2.91 
Ere ei 12.25 (15.05 | 12.70 /15.60 12.80 
I aso: 9.5.4505 San eR 1.49 | 2.59 1.61 | 2.80 1.78 
BN foo ui co Agwedeu tae ems Or 3.52 | 2.63 3.15 | 2.35 | 3.09 
Total nitrogen recovery..... 98.9 99.7 


* A 40 cc. fore fraction was collected and the column placed on the fraction col- 
lector before the emergence of the proline peak. 


in the earlier butyl-benzyl alcohol chromatograms (1). Since tryptophan 
represents 1.71 per cent of the protein nitrogen, as determined by Brand 
and coworkers (6) who published the first approximately complete analysis 
of B-lactoglobulin, the theoretical recovery for Table I should be 98.3 per 
cent. For some purposes, such as comparative studies on different protein 
preparations, the type of data afforded by Table I may be adequate without 


the performance of additional chromatograms. Quantitative figures are 


obtained for ten of the individual components, and an approximate total 
nitrogen recovery may be derived from the single chromatogram. 
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The hydrolysates have given a negative nitroprusside test. In addition, 
there was no evidence of interference from cysteine in the valleys on either 
side of the histidine peak. Apparently any cysteine originally present is 
oxidized during the preparation of the hydrolysate for analysis. 

In the present experiments the data from Table I have been combined 
with the results from additional columns to give a more complete picture 
of the composition of the hydrolysate. Glutamic acid and alanine have 
been determined with 2:1:1 tert-butyl alcohol-sec-butyl alcohol-0.1 n HCl 
(3). A fore fraction was collected and the chromatogram placed on the 
fraction collector prior to the emergence of proline. Duplicate determina- 
tions gave values of 19.30 and 18.85 per cent for glutamic acid, and 7.10 
and 7.08 per cent for alanine. The results obtained in the experiments 
with n-butyl alcohol-benzyl alcohol columns have already been reported 
(1). 

Composition of 8-Lactoglobulin—The amino acid composition of 8-lacto- 
globulin indicated in Table II is based in major part upon the analytical 
results from the three types of chromatograms discussed above. From 
the standpoint of protein composition, data of the kind given in Table II 
are always subject to uncertainties arising from possible decomposition of 
various amino acids during hydrolysis. Significant amounts of threonine 
and serine, for example, are known to decompose during acid hydrolysis, 
with the formation of ammonia. In the present work, the values of 4.67 
and 3.56 for threonine and serine, obtained from the hydrolysate, have been 
divided by 0.95 and 0.90, respectively, in accordance with the estimates 
of Rees (17) for the decomposition of these amino acids during a 20 hour 
period of acid hydrolysis. Although the hydrolytic conditions employed 
in the present experiments differ from those used by Rees, the parallelism 
between his results and the present figures indicates that the same correc- 
tion factors are probably applicable in both cases. For example, Rees 
obtained uncorrected values of 4.84 and 3.64 per cent for threonine and 
serine in hydrolysates of 8-lactoglobulin. He found the total ammonia 
content of the hydrolysate to be 1.49 per cent. The corresponding chroma- 
tographic value is 1.45 per cent (Table I). 

A maximum possible value for the amide ammonia of the protein can be 
obtained from the chromatographic data by subtracting from the total 
ammonia content of the hydrolysate the amount of ammonia estimated to 
be formed by the decomposition of threonine and serine. The resulting 
figure, 1.35 per cent of ammonia, is slightly higher than the amide ammonia 
value of 1.31 per cent as determined by Warner and Cannan (20), Brand 
et al. (6), and by Rees (17). 

Essential data in Table II derived from other sources include the pho- 
tometric value of Brand et al. (6) for tryptophan and the sulfur partition 
results obtained by the same authors. The independent value for me- 
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TaBLe II 
Amino Acid Composition of 8-Lactoglobulin 


The values for phenylalanine, leucine, isoleucine, tyrosine, and valine are from 
chromatograms carried out with 1:1:0.288 n-butyl alcohol-benzy] aleohol-water (1). 
Glutamic acid and alanine were determined with 2:1:1 tert-butyl alcohol-sec-buty] 
alcohol-0.1 N HCl. The remaining chromatographic values are the average figures 
from Table I. The nitrogen content of the protein was 15.6 per cent, on an ash- and 
moisture-free basis. 


| | 














Gm. amino Gm. amino ; 
Constituent | acid per — fom ee Literature values, gm. amino acid 

| pane pao protein N | per 100 gm. protein 

| | 
Phenylalanine.......... | 3.78) 3.37] 2.06 | 3.54 (6), 4.3 (8), 4.2 (9) 
eR | 15.50 | 13.88 | 10.61 | 15.7 (7), 15.4 (10), 15.9 (11) 
Isoleucine.............. 5.86 | 5.05| 4.01 | 8.4 (6), 7.0 (8), 6.1 (12) 
Methionine............. | 3.22*| 2.84] 1.94 
MN as ods sce x dudors | 3.64} 3.28] 1.81 | 3.78 (6), 3.6 (13) 
Valine.................| 5.62] 4.76| 4.31 | 5.8 (6), 5.5 (8), 5.8 (9) 
ER yc snk.s astern | 5.14] 4.33] 4.01 | 4.1 (6), 5.5 (9), 4.84 (14) 
Glutamic acid.......... | 19.08 | 16.75 | 11.64] 19.5 (6), 19.1 (15), 21.51 (16) 
Aspartic “........... | 11.52} 9.98! 7.80 | 11.4 (6), 11.2 (15), 9.9 (16) 
RNs hans ikns £00 7.09 | 5.67| 7.15 | 6.2 (6), 6.1 (9), 7.05 (14) 
Threonine.............. 4.92{, 4.18 | 3.71 | 5.85 (6), 5.11 (17) 
BRR heii isaes esaen | 93.96f| 3.28 3.39 | 5.0 (6), 4.07 (17) 
0.253. «sala ante | 1.39 1.06 | 1.66 | 1.4 (6), 1.5 (15), 1.56 (14) 
eer | 2.91| 2.61! 6.00 2.87 (6), 2.89 (16), 2.91 (18) 
ACR Le | 12.58 | 11.02} 15.45 | 11.4 (6), 11.4 (15), 10.55 (19) 
Ns es car Dane’ | 1.63} 1.44| 2.83 | 1.58 (6), 1.50 (8), 1.55 (16) 
Cystine + cysteine..... | 3.40¢ 2.89) 2.54 
ReeMODbaR. . 2... 4.05. | JOG ist 2a 
Amide-NH,............ | 1.31] | 6.93 | 1.31 (@), 1.30 (17) 

2, FaSiag sd 7 | | 97.7 | 99.6 | 


| | 








* The value for methionine is that determined by Brand et al. (6). An independ- 
ent check on this figure was not obtained with the butyl-benzyl alcohol chromato- 
grams in this case, since the experiments were carried out before the introduction of 
thiodiglycol as an antioxidant. 

+ The average threonine and serine values of 4.67 and 3.56 from Table I have been 
divided by 0.95 and 0.90, respectively, in accordance with the estimates of Rees (17) 
for decomposition of these amino acids during hydrolysis. 

{The cystine + cysteine value is that determined by Brand et al. (6). The 
chromatograms gave an average value of 3.25. 

§ The tryptophan value is that determined by Brand et al. (6). 

|| The amide-NH; value is that determined by Warner and Cannan (20). From 
the chromatographic data a maximum amide-NH; value of 1.35 can be calculated. 


thionine is necessary in this case, since the butyl-benzyl alcohol chromato- 
grams were performed before the incorporation of thiodiglycol in the solvent 
a$ an antioxidant (1). Brand et al. (6) obtained a value of 3.40 per cent 
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for cysteine plus cystine, which, in conjunction with the methionine content, 
accounted for 99.6 per cent of the sulfur of the protein. The average 
chromatographic value in Table I is 3.25 per cent. It should be noted that 
the hydrolytic conditions employed for the chromatographic experiments 
were not the same as those recommended as optimum for cysteine and 
cystine determinations by Brand and Kassell (21). Values for cystine in 
the present hydrolysates have run from 5 to 10 per cent below the accepted 
figures for cysteine plus cystine. The quantitative recovery of cystine 
from synthetic mixtures (3) indicates that the chromatogram reflects the 
true cystine content of the hydrolysate, and that the values are low as a 
result of some decomposition of cysteine or cystine during the preparation 
of the hydrolysate. In the present experiments, an attempt has been made 
to obtain as much information as possible from an HCl hydrolysate. 
Adequate chromatographic values for the special case of cystine would 
require studies on hydrolysates prepared by alternative procedures. 

The fact that the calculated cystine sulfur from the chromatogram is 
slightly less than enough to account, together with methionine, for the 
total sulfur of the protein leaves no room for the presence of ornithine or 
hydroxylysine as possible overlaps in the cystine range (3). 

The total nitrogen recovery of 99.6 per cent in Table II rests primarily 
on the chromatographic data. The weight recovery is 97.7 per cent. 
For many purposes this is a satisfactory balance sheet for the protein. 
The 2 per cent unaccounted for on a weight basis is a discrepancy which 
may arise from one or more of several causes. There may be some decom- 
position of amino acids other than those for which corrections have been 
made. Some of the amino acid analyses may be in error in such a manner 
as to compensate on a nitrogen basis but not on a weight basis. There 
may be amino acid constituents present which have not been determined 
by the chromatograms. Hydroxyproline, for example, would fall under 
the aspartic acid peak, and would not be detected. Negative colorimetric 
tests for this amino acid were obtained by Brand et al. (6). Recently, 
Keston, Udenfriend, and Cannan! have demonstrated by their isotopic 
derivative method, using radioactive p-iodopheny] sulfonyl chloride, that 
hydroxyproline is completely absent (<0.05 per cent) in 8-lactoglobulin. 
It is also possible that the sample of protein contains small amounts of 
non-nitrogenous constituents or impurities in addition to the ash and 
moisture. The latter have been corrected for in the assignment of a nitro- 
gen content of 15.6 per cent to the protein. In the present state of accu- 
racy of the chromatographic methods, however, it is not possible to base 
any conclusions on the observed small difference between the weight and 
nitrogen recoveries. 


1 Keston, A. S., Udenfriend, S., and Cannan, R. K., personal communication. 
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Comparison of Chromatographic Results with Other Values—Analytical 
results obtained by other methods are included in Table II. A more com- 
plete summary of literature values has been given by Brand (22). On 
synthetic mixtures of amino acids the chromatograms have yielded re- 
coveries of 100 + 3 per cent for individual components (1, 3). The 
microbiological assays, and some of the other methods, have a potential 
error at least this large. Thus, for purposes of comparison, conformity 
to within 5 per cent has been considered as reasonable agreement. 

For leucine, tyrosine, valine, arginine, and histidine, the several literature 
values in Table II are all in agreement with the chromatographic results. 
Glycine also falls in this group if the variation from 1.39 to 1.56 per cent is 
considered satisfactory for an amino acid present to so small an extent. 
The threonine and serine values are in excellent agreement with those of 
Rees (17) obtained by periodate oxidation, as already mentioned, but are 
about 20 per cent below the results of Brand et al. (6). The glutamic and 
aspartic acid figures are both checks with the isotope dilution values of 
Foster (15) and the microbiological results of Brand et al. (6). They are 
not in line with the analyses of Chibnall, Rees, and Williams (16). The 
isoleucine result has been discussed previously (1) and is in agreement with 
the most recent microbiological determination (12). For phenylalanine, 
the two microbiological values (6, 8) are more than 5 per cent above and 
below the chromatographic value from starch columns. The figure ob- 
tained by Tristram (9), who employed chromatography of the acetylated 
amino acids on silica gel, is also higher than the present phenylalanine 
determination. 

Alanine has previously been a difficult amino acid to determine. The 
present value is higher than the microbiological figure (6) or that of Tris- 
tram (9), but is in agreement with the recent results of Keston, Udenfriend, 
and Cannan (14), obtained by the isotopic derivative method. The proline 
content is 20 per cent above the microbiological value of Brand et al. (6), 
but in fairly good agreement with the isotopic derivative data (14). 

The value for lysine given in Table II is 10 per cent higher than the 
microbiological (6) and isotope dilution (15) figures. References to addi- 
tional lysine determinations, all of which fall between 10.5 and 11.4 per 
cent, are reviewed by Brand (22). The chromatographic value in this 
instance may be in error. For bovine serum albumin, discussed later, 
the chromatographic determination of lysine is in good agreement with 
the isotope dilution data. In the 6-lactoglobulin hydrolysate, there may 
be a small amount of some component other than lysine traveling in the 
same range on the column, although none of the additional substances 
studied to date (3) fall in this category. It is also possible that the chro- 
matographic figure may be correct, if there is some racemization of lysine 
during hydrolysis. It has been shown previously (3) that the sum of the p 
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and L isomers in the hydrolysate is determined by the chromatographic 
method. As usually employed, the microbiological (6), isotope dilution 
(15), and lysine decarboxylase (23) methods permit the determination of 
only the L isomer. 

A calculation of a minimum molecular weight for the protein from 
analytical figures has been made by Brand et al. (6), by adjusting the 
molar ratios to integers within 3 per cent. For the amino acids present 
in the smallest amounts in the protein, the attainment of this degree of 
accuracy by the chromatographic methods, at least, cannot be assured, 
For purposes of molecular weight calculations, an absolute accuracy of 5 
per cent is about as close a limit as can be placed on the smaller figures in 
Table IJ. For example, the deviations from the mean in the triplicate 
analyses for arginine and histidine in Table I emphasize the need for caution 
in the mathematical interpretation of the results. The determination of 
histidine (1.63 per cent) to within 5 per cent of its value is equivalent to 
determining about 0.1 per cent of the total weight of the protein. This is 
about the limit of accuracy of the chromatographic procedure. The value 
of any detailed mathematical treatment of the analytical figures in this 
case is subject to the further limitation that 8-lactoglobulin, although it isa 
prote n which can be prepared in a fairly reproducible form, may not be 
homogeneous (ct. (24, 25)). 


Analyses of Hydrolysates of Bovine Serum Albumin 


The effluent concentration curve obtained upon chromatography of a 
hydrolysate of bovine serum albumin is given in Fig.2._ The curve parallels 


that obtained with the synthetic mixture (3) in all respects. No new } 


peaks are present. When threonine, serine, and histidine were added toa 
sample of the hydrolysate, the designated peaks rose without loss of sym- 
metry, and the added amino acids were recovered in yields of 105, 99, and 
99 per cent, respectively. 

Integration of Effluent Curves—The quantitative data obtained from the 
experiment shown in Fig. 2, and replicates thereof, are given in Table III. 
As was true in the case of 8-lactoglobulin, the nitrogen of the hydrolysate 
has been almost completely accounted for in each experiment. The trypto- 
phan content of bovine serum albumin, according to the data of Brand é 
al. (26, 22), corresponds to only 0.50 per cent of the total nitrogen of the 
protein, and the theoretical recovery for Table III is thus 99.5 per cent. 
The observed recovery is subject to the same approximations which were 
discussed for 8-lactoglobulin. 

Duplicate chromatograms with 2: 1:1 tert-butyl alcohol-sec-butyl alcohol- 
0.1 N HCl gave values of 16.7 and 16.3 per cent for glutamic acid and 6.32 
and 6.17 per cent for alanine. 
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alos 0.5 N HCl. Column dimensions, 0.9 x 30 cm. Sample, an amount of hydrolysate 
this corresponding to about 2.5 mg. of protein. 
t isa 
tbe Tas.e III 
Chromatographic Analyses of Hydrolysates of Bovine Serum Albumin 
Solvents, 1:2:1 n-butyl alcohol-n-propy] alcohol-0.1 Nn HCl and 2:1 n-propyl alco- 
hol-0.5 n HCI (cf. Fig. 2). 
of a Chromatogram 480 | Chromatogram 481 | Chromatogram 488 
allels re a ee see 
Constituent eo N as per : | N asper : N as per 
mer ner) sau |r| ai jaar ae 
toa te pee ee ae 
SS ; = : | 
‘and  Leucine-isoleucine............ 114.4 |9.58 |14.75|9.80 | 14.3 | 9.51 
Phenylalanine.......... —. | 3.34 | 6.44 3.40 | 6.52 | 3.44 
Valine-methionine-tyrosine....| | 7.42 ca. | | 7.37 ca. | 7.20ca 
BUM | Proline... 5... 0. cece ceeeee: | 4.65) 3.52 | 4.75 | 3.60 4.85 | 3.67 
2 III. Glutamic acid-alanine. .. 114.90 ca. | 15.25 ca. | 15.40 ca 
ysate Threonine.................. | 5.44) 3.98 | 5.72) 4.19 | 5.50 | 4.05 
ypto- Aspartic acid......... a: real 10.91 | 7.15 | 10.86 | 7.12 10.96 | 7.19 
nde) BtTMC.....-- 0. cess eeee | 3.91} 3.24 | 3.76) 3.12 | 3.77 | 3.13 
| i iG5sses'tewasttens | 1.85} 2.15 | 1.75 | 2.08 1.85 | 2.15 
f the Ammonia........... esses] 1.03] 5.28 | 1.08 | 5.54 | 1.06 | 5.44 
RS isc ccctee neers Sade | 5.96 11.92 | 6.03 12.07 5.72 |11.45 
(MEL TEL Siva aaa» cas dane ta 12.70 15.15 | 12.62 15.05 | 138.15 15.68 
er eet ere | 4.29) 7.24 | 3.67/ 6.18 | 4.04 | 6.82 
ere cr | 5.83 | 4.23 | 5.81 4.22 | 6.08 | 4.41 
| 6.32 | 


Total nitrogen recovery... | 99.1 9 99.5 


oO | 
co | 
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TaBLe IV 
Amino Acid Composition of Bovine Serum Albumin 

The values for phenylalanine, leucine, isoleucine, tyrosine, and valine are from 
chromatograms carried out with 1:1:0.288 n-butyl alcohol-benzyl alcohol-water con- 
taining 0.5 per cent thiodiglycol (1). Glutamic acid and alanine were determined 
with 2:1:1 tert-butyl alcohol-sec-butyl alcohol-0.1 N HCl. The remaining chromato- 
graphic values are the average figures from Table II. The nitrogen content of the 
protein was 16.07 per cent, on an ash- and moisture-free basis. 


Gm. a, | Nas | 
Constituent | Pv eal = resi- oo” ee Literature values, gm. amino acid per 
| 100 gm. | SU Per | protein | ci daa 
| protein | 100 gm. r 
| | protein | | 
— 
Phenylalanine.......... | 6.59 | 5.87 | 3.48) 6.1 (22), 6.48 (27), 6.05 (28 
PONMORTIO Sis bic ss 5 ass .-| 12.27 | 10.58 | 8.17| 13.7 (22, 26), 11.8 (27), 13.2 (28) 
Isoleucine.......... ve 2.61 | 2.25 1.74 2.9 (22), 2.97 (27), 2.7 (28) 
Methionine........... .| 0.81*| 0.71 | 0.47) 0.86 (27), 0.80 (28) 
Tyrosine.......-.0.-+: | 5.06 | 4.56| 2.44) 5.5 (22, 29), 5.2 (30), 5.3 (13) 
ener ; 5.92 | 5.01| 4.41] 6.5 (22), 5.4 (30), 6.6 (27) 
Ne i ea | 4.75 | 4.00 | 3.60) 5.6 (22), 5.1 (27), 5.5 (28 
Glutamic acid........ | 16.50 | 14.49 | 9.78) 16.9 (22), 16.6 (27), 16.95 (29) 
ete oak. o ees. 10.91 | 9.44 | 7.15] 10.6 (22), 11.1 (27), 10.25 (29) 
CN Goto dos dies 68k | 6.25 | 4.99] 6.12 
Threonine.............. | 5.83t] 4.95 | 4.27] 6.5 (22, 26), 6.2 (27), 6.3 (30) 
Serine..... areata 4.23¢| 3.51 | 3.52) 4.5 (22,26), 4.9 (28) 
PID eoaiss'es cai --.| 1,82 | 1.38 | 2.11) 1.9 (22), 1.96 (29), 2.0 (28 
APOTMIOG so. sees OO | 6529) | TL80) 652 (22; 26); 8:9" (27), 6.1 (80 
EURO eet ans Sows Oe ke 12.82 | 11.25 | 15.30) 12.4 (22), 12.4 (29), 12.3 (30) 
IN 6 ia sedans Si» 4.00 | 3.54 | 6.75, 3.8 (22, 26), 3.35 (31), 4.1 (30 
Cystine + cysteine.....| 6.52¢) 5.54 | 4.73 
Tryptophan.......... 0.58§| 0.53) 0.50 
AMIGO NTs... 606.005. 0.95] 4.87; 1.05 (22, 26) 
Oi AE Sie ee appeareree= 97.9 (101.2 


* The value for methionine is that determined by Brand et al. (22, 26). The chro- 
matograms gave a figure of about 0.92 (1). 

t The average threonine and serine values of 5.55 and 3.81 from Table III have 
been divided by 0.95 and 0.90, respectively, in accordance with the estimates of Rees 
(17) for decomposition of these amino acids during hydrolysis. 

t The cystine + cysteine value is that determined by Brand et al. (22, 26). The 
chromatograms gave an average value of 5.91. 

§ The tryptophan value is that determined by Brand et al. (22, 26). 

|| This figure is a maximum value for amide-NH; calculated from the total NH; of 
the hydrolysate corrected for the approximate amount of NH; formed on the decom- 
position of serine and threonine. 


Composition of Bovine Serum Albumin—The data on bovine serum al- 
bumin have been summarized in Table IV. The chromatograms gave a 
figure of 0.92 per cent for methionine (1) which is close to the value of 0.81 
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per cent as determined by Brand et al. (26). The same authors obtained a 
figure of 6.52 per cent for cysteine plus cystine which, in conjunction with 
the methionine content, accounted for 99.0 per cent of the sulfur of the 
protein. ‘The average chromatographic value for cystine in the hydrolysate 
is 10 per cent below the above figure. 

The total ammonia in the hydrolysate of bovine serum albumin (Table 
III) averages 1.06 per cent. Corrected for 0.068 per cent ammonia formed 
by the decomposition of serine and 0.040 per cent from threonine, the 
maximum possible figure for the amide ammonia of the protein becomes 
0.95 per cent. This result, uncorrected for additional ammonia that might 
be formed as a result of the decomposition of other amino acids, has been 
used in Table IV. The amide ammonia determination of Brand (22) on 
bovine serum albumin gives the apparently high figure of 1.05 per cent. 

The total nitrogen recovery in Table IV is 101.2 per cent. The weight 
recovery is 97.9 per cent. Possible causes for the discrepancy between the 
weight and nitrogen recoveries have already been mentioned. 

Comparison of Chromatographic Results with Other Values—The results 
for the first six amino acids in Table IV have already been discussed (1). 
Additional values in Table IV include microbiological assays reported by 
Henderson and Snell (27), Gunness, Dwyer, and Stokes (13), Hier, Graham, 
Friedes, and Klein (30), and Velick and Ronzoni (28). As in the case of 
8-lactoglobulin, hydroxyproline has been shown to be absent (<0.006 per 
cent) in bovine serum albumin by Keston, Udenfriend, and Cannan.! 
For glutamic acid, arginine, and lysine, several values from the literature 
and the chromatographic results are all in agreement. The glycine figure, 
considering the small amount present, checks with the isotope dilution 
valueof Shemin (29) and the microbiological assays (26, 28). The chroma- 
tographic value for aspartic acid is in agreement with the microbiological 
results (26, 27) and within 6 per cent of the isotope dilution value (29). 
The figure for proline is 5 to 15 per cent below the microbiological deter- 
minations (26-28). The values for threonine and serine are also lower 
than the earlier results. The chromatographic figure for histidine is in 
agreement with the results of the microbiological (80) and photometric 
(26) methods, but is higher than the value obtained by the isolation method 
of Vickery and Winternitz (31). Alanine has not previously been deter- 
mined in bovine serum albumin. 


SUMMARY 


Chromatography of amino acids on starch columns has been applied 
to the determination of the composition of 8-lactoglobulin and bovine serum 
albumin. A single chromatogram run with 1:2:1 n-butyl alcohol-n-propyl 
alcohol-0.1 N HCl distributes the amino acids to give an effluent curve 
which yields quantitative values for ten of the components of the hydro- 
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lysate. When the integrations of the overlapping peaks were included, a 
nitrogen distribution was obtained in each case which accounted for 100 + 
2 per cent of the total protein nitrogen. A combination of chromatograms 
run with three solvent systems is required for quantitative estimation of 
essentially all the components of the acid hydrolysates. About 2.5 mg. 
of protein are used per chromatogram. The complete series can be carried 
out in triplicate with a hydrolysate prepared from 25 to 50 mg. of protein, 
To estimate the composition of the protein from data obtained on the 
hydrolysate, the values for serine and threonine must be corrected for the 
decomposition undergone by these amino acids during hydrolysis. Values 
for tryptophan and cysteine plus cystine determined by other methods are 
also required. The final tabulation of the results on B-lactoglobulin and 
bovine serum albumin has given total nitrogen recoveries of 99.6 and 101.2 
per cent respectively, and weight recoveries of 97.7 and 97.9 per cent. 
The individual amino acid analyses have been compared with values 
previously obtained by chemical, microbiological, and isotopic methods. 


The authors wish to acknowledge the assistance of Miss Enid Mellquist 
and Mr. Anton Hornicek in the performance of this work. 
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FACTORS AFFECTING THE RATE OF GROWTH OF 
LACTOBACILLUS CASEI 


By JACOB L. STOKES,* LEAH K. KODITSCHEK, EDWARD L. RICKES, anp 
THOMAS R. WOOD 


(From the Research Laboratories, Merck and Company, Inc., Rahway, New Jersey) 
(Received for publication, October 14, 1948) 


It has been recognized for some time that Lactobacillus casei develops 
slowly in completely synthetic or semisynthetic media which contain all of 
the absolutely essential vitamins and amino acids. Usually little or no 
growth appears during the first 16 to 24 hours of incubation. Under some 
conditions the addition of asparagine, glutamine, glutamic acid (1), or an 
unknown factor or factors in peptone (2), or a combination of glutamine, 
p-aminobenzoic acid, and pyridoxal (3) will speed up the rate of growth of 
L. casei. Trypsinized preparations of casein and other purified proteins, 
the active principle of which has been named strepogenin (4, 5), also will 
reduce the lag phase of L. caset. Certain synthetic peptides of glutamic 
acid, for example serylglycylglutamic acid, have some strepogenin activity 
(6). Also, evidence has been presented that for optimum growth of L. 
casei during the first 16 hours of incubation glutathione and a factor asso- 
ciated with animal products, as well as strepogenin, must be supplied to 
the organism (7). The present paper reports some additional observations 
on the relation of strepogenin and certain other factors to the rate of 
growth of L. casei. The term strepogenin is used to describe the activity 
of trypsinized casein and that of various purified proteins and natural ma- 
terials when compared to trypsinized casein as the standard. 


Methods 


Experiments designed to investigate rate phenomena are technically diffi- 
cult to carry out with consistent results, since apparently minor variations 
in the inoculum culture medium and technique may profoundly influence 
the rate of growth (7). In order to obtain reasonably consistent results it 
is necessary to use carefully standardized procedures. Therefore, experi- 
mental details are described more fully than would normally be necessary. 

Stab cultures of Lactobacillus casei were carried in a medium consisting 
of peptone 0.5 per cent, glucose 1.0 per cent, agar 1.5 per cent, and 0.5 ml. 
each of Salts A and B per 100 ml. of medium (8). Each week a subculture 
was made from a stab culture into 5 ml. of broth of the same composition 
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contained ina 15 X 125mm.tube. The subculture was incubated at 37° 
for 24 hours. Subsequently, broth to broth transfers were made daily for 
the remainder of the week. To prepare inoculum, a 24 hour broth culture 
was centrifuged, and the sedimented cells were washed twice with 5 ml. of 
sterile distilled water and resuspended in 10 ml. of water. This suspension 
was diluted with water to give a reading of approximately 95 on the gal- 
vanometer of the Evelyn photoelectric colorimeter fitted with a 520 mu 
filter. 

The medium listed in Table I was used for the experiments. Materials 
to be tested, after appropriate treatment and dilution, were placed in 
chromic acid-cleaned colorimeter tubes and made up to a volume of 5 ml. 
with water. 5 ml. of medium were added to each tube, and the tubes 








TABLE I 

Basal Medium 
Acid-hydrolyzed casein.......| 3400 mg. | Biotin 0.17 
DL-Tryptophan............... 100: ** | Folie acid 25°" 
ER rat vain 9.0.99 «69.5 8 So“ MnC]l,-4H:0 2.5 mg. 
I Ad See ace aes Pee yy 10 gm. | ut-Asparagine 125.0 “ 
Na acetate (anhydrous)...... 6 “ | Salts A 
WPM 0s Sit sk oe Srckiee cess 2.5mg. | KezHPO, 250.0 ‘ 
ho Ne oad Sachin vite 2 | KH2PO, 250.0 ‘ 
EL ane eS re Wake ca 2.5 “ | Salts B 
Pantothenic acid.............| 100 y¥ | MgS0,-7H:0 100.0 “ 
ee Ie AI pa eek are 100 ‘ | NaCl 5.0 * 
Thiamine HCl............... 100 “ | FeSO,-7H.O 56 * 
ioetinie etid..............+: i= ep: ** MnSQ,:4H20 5:6 4 
Pyridoxamine................ | 200 “ Adjust to pH 6.8 
p-Aminobenzoic acid......... =” _ Add distilled H.0 to 


250.0 ml. 


were closed with plugs of non-absorbent cotton and autoclaved for 11 
minutes at 115°. Higher sterilization temperatures and, to a lesser extent, 
longer periods of sterilization produced a brown discoloration of the medium 
which interfered with subsequent turbidimetric readings. 

After sterilization, each tube was inoculated with 1 drop of the inoculum 
suspension described above. It is necessary to use pipettes which will 
deliver drops of uniform size. 1 ml. Exax pipettes graduated in 0.01 ml. 
were satisfactory for delivery of the inoculum. Care was taken to allow 
the drop of inoculum to fall directly into the medium rather than on the 
walls of the tube. The inoculated tubes were incubated at 37° for 17 hours 
prior to determining their turbidities, or until a control tube containing 3 
mg. of trypsinized casein gave a galvanometer deflection of 40 to 50 in the 
Evelyn colorimeter with a 520 my filter. Additional details of procedure 
will be mentioned later. 
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Purified proteins and natural materials were trypsinized according to 
the procedure of Sprince and Woolley (5). Difco trypsin 1:110 was used. 
The trypsinized casein standard was prepared from 8. M. A. vitamin-free 
casein. ‘lo prepare standard curves of the trypsinized casein, the required 
amount of the lyophilized material was dissolved in water to give a con- 
centration of 1 mg. per ml. This solution could be stored in the refriger- 
ator under toluene for at least 2 weeks without loss of activity. 

The hydrolyzed casein used in the basal medium was a sulfuric acid 
hydrolysate of S. M. A. vitamin-free casein from which the sulfate was 
removed with barium hydroxide. 


EXPERIMENTAL 


Inoculum—The rate of growth of Lactobacillus casei under the conditions 
outlined above is markedly increased by strepogenin and is proportional to 
strepogenin concentration, generally, within the range of 0 to 1 mg. of 
casein (Fig. 1). With increase in incubation beyond 16 hours, growth in- 
creases in all tubes, including the one with no strepogenin; at 42 hours the 
stimulatory effect of strepogenin is hardly evident. 

Growth response of Lactobacillus caset to strepogenin is decreased some- 
what if the cells for the inoculum are taken from a 2 day-old broth culture 
in place of the customary 1 day culture. Cells from 3 day-old broth cul- 
tures are only slightly stimulated by strepogenin at 16 hours incubation. 
Also, growth is proportional to the number of cells in the inoculum. A 
decrease in the number of cells to one-tenth that normally used decreases 
the response to strepogenin markedly, whereas a 10-fold increase produces 
much greater growth of Z. casei in all tubes. The resulting curves resemble 
closely those obtained by varying the time of incubation (Fig. 1). Inocula 
grown in broth enriched with 0.25 mg. of L-asparagine per ml. and in broth 
in which Wilson’s solubilized liver fraction L was substituted for the pep- 
tone were stimulated by strepogenin to the same degree as cells taken from 
the usual peptone medium. 

Activity of Purified Proteins and Natural Materials—Sprince and Woolley 
have used solubilized liver extract (Wilson’s fraction L) as the standard 
in measuring the strepogenin activity of trypsinized proteins (4,5). Com- 
parison of solubilized liver with trypsinized casein indicates that, within 
the range of 0 to 1 mg. of each, casein is about 4 times as potent as liver 
extract (Fig. 2). However, if both substances are increased to above 3 
mg., there is a change in relative potency. The casein growth curve de- 
creases markedly in slope at the 3 mg. level, whereas that of liver extract 
does not decrease until the 10 mg. level is reached. Consequently, the two 
curves cross, and above the 3 mg. level liver extract is much more stimu- 
latory than casein. Acid production was used as the criterion for growth 
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because the color of the larger amounts of liver extract added interferes 
with turbidimetric readings. The liver extract may contain a single stimu- 
latory substance which is different from strepogenin or possibly a number 
of stimulatory substances, one of which may be strepogenin. ‘The greater 
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Fig. 1. Response of Lactobacillus casei to strepogenin as a function of time 


effect of liver extract as compared to casein does not appear to be due to 
glutamine, inositol, choline, nicotinamide, thymine, lecithin, oleic acid, 
cozymase, cocarboxylase, malic acid, succinic acid, fumaric acid, or excess 
B vitamins (10 times the quantities given in Table I), since addition of 10 
mg. each of those substances to tubes conta ning 2.5 mg. of trypsinized 
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casein did not appreciably increase growth above that obtained with the 
casein alone. Other trypsinized natural materials such as yeast extract, 
tankage, peptone, and distillers’ solubles as well as the trypsinized purified 
proteins, soy bean glycinin, trypsinogen, tobacco mosaic virus, and insulin, 
when used in amounts of 5 to 50 mg. per tube, failed to give as much growth 
as liver extract. 









a LIVER EXTRACT 


CASEIN 


NT TRANSMISSIBLE LIGHT 

















oe 
00"246 I 2 3 5 5 10 25 50 
MILLIGRAMS 


Fia. 2. Growth of Lactobacillus casei with liver extract and casein 
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Fia. 3. Inhibition of growth of Lactobacillus casei by asparagine 


Inhibition by Asparagine—Asparagine consistently inhibited growth. 
lowever, the addition of as little as 0.05 mg. of trypsinized casein is suffi- 
cient to overcome the asparagine inhibition. The inhibitory effect of as- 
paragine is illustrated in Fig.3. At 17 hours, maximum inhibition occurred 
with 0.05 mg. of asparagine per tube, whereas at 24 hours 0.25 mg. of as- 
paragine was required for maximum inhibition. Substitution of amino 
acids for the hydrolyzed casein in the basal medium (9) did not alter the 
inhibition by asparagine. In the completely synthetic medium the strepo- 
genin curves were steeper and the blank tubes had consistently less growth 
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than in the hydrolyzed casein medium. Glutamine, when substituted for 
asparagine, was not inhibitory, and tended to neutralize the inhibitory 
effect of asparagine. 

Adaptations of Lactobacillus casei—An attempt was made to “train” Lac- 
tobacillus casei to accelerate its rate of synthesis of strepogenin and thus 
eliminate its requirement for added strepogenin. Serial subcultures were 
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Fie. 4. Growth characteristics of Lactobacillus casei serially subcultured in the 
absence of strepogenin. 


made daily by loop transfer in the basal medium (Table I) in the absence of 
added strepogenin. Growth was allowed to proceed for 24 hours prior to 
subculture in order to permit appreciable synthesis of strepogenin to occur, 
and turbidity readings were made after 16 hours to determine the degree of 
acceleration of strepogenin synthesis. Tubes inoculated with the usual 
peptone broth inoculum were included in this experiment as controls. 
After only five serial transfers, good growth was obtained in the strepogenin- 
free basal medium within 16 hours. Fig. 4 shows that the accelerated 
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culture without added strepogenin grows even more rapidly than the orig- 
inal untrained culture supplied with 3 mg. of trypsinized casein. Inter- 
estingly, if asparagine is omitted from the basal medium, the accelerated 
strain again requires trypsinized casein for rapid growth to the same degree 
as the original culture. Approximately 0.4 mg. of asparagine per 10 ml. 
of medium is necessary for abundant growth of the adapted strain. Glu- 
tamine can replace asparagine but approximately 100 times more of glu- 
tamine than asparagine must be used. These findings again indicate a 
close metabolic relationship between asparagine and strepogenin. 
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Fic. 5. Growth characteristics of Lactobacillus casei serially subcultured in the 
absence of asparagine and strepogenin. 


By using the same technique as described above, except that a medium 
without strepogenin or asparagine was employed, it was possible to “train” 
Lactobacillus casei to grow fairly well within 16 hours without added as- 
paragine or strepogenin (Fig. 5). However, in sharp contrast to the results 
with the previously mentioned adapted strain, if asparagine is added to 
the basal medium, the second adapted strain again requires trypsinized 
casein for rapid growth, as does the original culture. Thus, the inhibitory 
effect of asparagine for the original strain has been enhanced. 

Inactivation and Reactivation of Strepogenin—Trypsinized casein which 
has been refluxed with hydrochloric acid at pH 1 (glass electrode) for 24 
hours is completely inactive in asparagine-free medium, but is fully active 
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when asparagine is supplied (Fig. 6). Quantitatively, 0.75 mg. to 1.0 mg. 
of L-asparagine per 10 ml. of medium is required for full restoration of the 
activity of 3 mg. of acid-inactivated strepogenin. Glutamine is also effec- 
tive in this respect but approximately 100 times more of glutamine than 
asparagine is required. Biotin, glutathione, pyridoxal, 6-alanine, and as- 
partic acid are ineffective in restoring activity. Asparagine also restores 
the activity of acid-refluxed strepogenin in the synthetic amino acid medium 
(9). Results similar to those with casein were obtained with acid-refluxed 
solubilized liver extract (Wilson’s fraction L). 
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Fic. 6. Reactivation of acid-refluxed casein with asparagine 


Trypsinized casein, which is kept at pH 1 at room temperature for 20 
hours, shows no loss of activity. Refluxing of trypsinized casein at pH 
10 results in complete loss of strepogenin activity, and, in contrast to the 
results at pH 1, the activity cannot be restored by asparagine. Refluxing 
of casein and liver extract at pH 7 results in partial loss of activity, which 
is restored by asparagine. 

The adapted Lactobacillus casei culture, which can grow readily without 
strepogenin but requires asparagine, will not grow when the acid-refluxed 
casein is substituted for asparagine. This fact plus the fact that the normal 
L. casei strain requires asparagine for rapid growth with acid-treated casein 
would appear to indicate that the acid inactivation of trypsinized casein is 
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due to hydrolysis of the amide group of asparagine, or of other amides 
which may perform a similar function. 

These data emphasize further the close relationship between asparagine 
and strepogenin. The elucidation of its nature must await the isolation of 
strepogenin in pure form or at least free of asparagine. 


SUMMARY 


The effects of size, age, and growth medium on the response of the Lacto- 
bacillus casei inoculum to strepogenin are described. Trypsinized casein is 
about 4 times as potent as Wilson’s liver fraction L in stimulating growth 
of L. casei when tested within the range of 0 to 1 mg. of each substance per 
10 ml. of medium. However, at higher levels the liver fraction consistently 
supports more rapid growth than casein. Other trypsinized materials did 
not support as much growth as liver extract. Under the conditions em- 
ployed, the growth of L. casei is markedly inhibited by asparagine, whereas 
glutamine is not inhibitory. 

It was possible by serial subculture in strepogenin-free medium to adapt 
the strepogenin-requiring strain of Lactobacillus casei to grow rapidly with- 
out strepogenin. However, it is necessary to add asparagine to the medium 
for rapid growth of this adapted strain. It was also possible to adapt L. 
casei to grow rapidly without either strepogenin or asparagine. For this 
second adapted strain asparagine is inhibitory, and the inhibitory effect 
can be overcome by the addition of trypsinized casein to the medium. 

Trypsinized casein which has been refluxed at pH 1 for 24 hours is com- 
pletely inactive in asparagine-free medium, but is fully active when as- 
paragine is added. Similar results were obtained with acid-refluxed 
Wilson’s liver fraction L. Glutamine, in 100 times the quantity of as- 
paragine, will also restore the strepogenin activity of acid-refluxed casein. 

The data presented indicate strongly a close metabolic relationship be- 
tween strepogenin and asparagine. 
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In the preceding paper (1) it was shown that the growth rate of Lacto- 
bacillus casei may be markedly affected by variations in the amount of 
asparagine present in the medium. This compound may be either stimu- 
latory or inhibitory, depending upon the conditions existing; evidence was 
presented which indicates that asparagine is closely related metabolically 
tostrepogenin. For example, strepogenin, in the form of trypsinized casein 
(2), is completely inactivated by mild acid hydrolysis when the test medium 
does not contain asparagine, whereas its activity is not affected if asparagine 
is supplied to the organism. Moreover, a culture of Lactobacillus caset 
“trained”? by appropriate subculture to grow rapidly without strepogenin 
was found to require asparagine for rapid development; another “trained” 
culture grew well in the absence of both, but was markedly inhibited by as- 
paragine. This effect was overcome by trypsinized casein. 

As a result of these findings, experiments were undertaken to define 
more closely the nature of the relationship between asparagine and strepo- 
genin, and to determine whether the rate of growth of Lactobacillus casei 
can be effectively altered by varying the level in the medium of known 
nutrients other than asparagine. 

Experiments along those lines have led to the development of a chemically 
completely defined medium which is capable of supporting rapid growth of 
Lactobacillus casei; maximum turbidity is obtained in about 24 hours and 
maximum acid production in about 30 hours. The rate of growth of the 
organism, under these conditions, is not appreciably affected by trypsinized 
casein. Upon omission of the appropriate substance, the medium is suit- 
able for the rapid turbidimetric or titrimetric assay of folic acid, biotin, and 


serine, and should be adaptable for the assay of other compounds required 
by the organism. 


EXPERIMENTAL 


In the first experiments conducted, the casein hydrolysate basal medium 
and inoculum described previously (1) were employed. Since asparagine 
decreases the rate of growth of Lactobacillus casei when added to this me- 
dium in the absence of strepogenin, it seemed possible that its inhibitory 
effect was due to an antagonism between the amide and some constituent 
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of the basal medium. ‘To test this hypothesis, an excess of each of the 
amino acids known to exist in casein and each of the vitamins and other 
supplements employed was added individually to the medium containing 
asparagine. Serine alone was found to be effective as a growth stimulant 
under these conditions. Approximately 2.0 mg. of serine, in addition to 
that present in the casein hydrolysate, are capable of overcoming the in- 
hibition caused by 2.5 mg. of asparagine. However, larger amounts of 
serine stimulate more rapid growth than is obtained on the original as- 
paragine-free medium. On the other hand, an increase in the serine level 
in the absence of asparagine is without effect. These results are sum- 
marized in Table I. 


TaBLe | 
Effect of Asparagine* and Serine* on Rate of Growth of Lactobacillus casei 











Supplement added | Turbidity, 17 hrs. 

” eae mg. per tube > . | per cent light wensettnes 
Naik nes tren pi make bred nin nanieneeas nsec ec siesons anid 76 
EPO EE TT ASE STREET TEE TT 76 
Se eee ee ee eee eee | 93, 93 
2.5 si ME OMI 6b di ed eseckesaets | 78, 79 
25 “ “ MM FPN NE) PB. Sos waliceccencecdaw' 57, 56 








* Throughout the work reported in this paper, L-asparagine, L-glutamic acid, 


and pi-serine were employed. 
¢ Casein hydrolysate basal medium (1) without asparagine. 


In the light of these findings, it appeared advisable to turn our attention 
to a medium in which the concentration of each constituent could be con- 
trolled. An amino acid basal medium patterned after that of Stokes, 
Gunness, Dwyer, and Caswell (3) was therefore employed in all of the re- 
maining work. As before, the final volume was 10 ml. per tube. Except 
where otherwise indicated, the tubes containing the basal medium and the 
various supplements were sterilized by autoclaving at 115° for 12 minutes. 
After sterilization, the tubes were inoculated and incubated at 37° for the 
various times specified prior to determining their turbidities or titrating 
the acid produced. Throughout the work, a light inoculum similar to that 
described previously (1) was employed, except that 24 hour broth subcul- 
tures made daily from agar stabs were used to avoid any possible ‘‘training”’ 
effect of a week’s serial subculture in the broth. i 

Effect of Amino Acids on Rate of Growth of Lactobacillus casei—The mu- 
tually stimulatory effects of serine and asparagine, when added to the basal 
Medium AA (Table II), were similar to those observed with the casein 
hydrolysate medium (1). Glutamine was not an effective substitute for 
asparagine. Moreover, it was found that the rate of growth in the presence 
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of adequate amounts of serine and asparagine can be further increased by 
raising the glutamic acid level. Glutamine is capable of replacing glutamic 


TaBe II 
Composition of Amino Acid Basal Media 


Concentration 





Constituent eee 
| Media AA, B Media B+, BA 
mg. per tube mg. per tube 

Amino acid mixture ° | . 
t-Asparagine | t 2.5 
pL-Serine t 20.0 
L-Glutamic acid t 20.0 
Dextrose (anhydrous) | =: 100.0 / 100.0 
Sodium acetate (anhydrous) 60.0 60.0 
Adenine, guanine, uracil, each 0.1 | 0.1 
Salts A 

K,HPO, 5.0 10.0 

KH:PO, | 5.0 10.0 
Salts B | 

MgSO.-7H:O0 | 2.0 4.0 

NaCl 0.1 0.2 

FeSO.-7H:0 | 0.1 0.2 

MnSQ,:4H2O 0.1 0.2 
MnCl,-4H20 | 0.05 0.25 
Ascorbic acid | 2.5t 

¥ per tube per tube 

Riboflavin, thiamine HCl, nicotinic acid, panto-' 2.0 4.0 

thenic acid, each 
Pteroylglutamic acid 0.02 | 0.1 
Biotin 0.002 0.025 
Pyridoxamine 4.0 10.0 
Pyridoxine 10.0 
Pyridoxal 10.0 
p-Aminobenzoic acid | 0.4 2.0 
Inositol 100.0 





* Amino acid basal mixture: Per tube 4 mg. of pL-tryptophan, 1 mg. of L-lysine, 
2 mg. each of pt-alanine, L-arginine, pL-aspartic acid, L-cystine, glycine, L-histidine, 
L-hydroxyproline, pu-isoleucine, pu-leucine, pu-methionine, DL-norleucine, DL- 
phenylalanine, u-proline, pt-threonine, L-tyrosine, and p.-valine. 

t The concentrations of L-asparagine, pL-serine, and L-glutamic acid were respec- 
tively in Medium AA, 2.5, 2.0, and 2.0 mg., and in Medium B, 2.5, 20.0, and 20.0. 

t Pyridoxal was omitted from Medium BA and ascorbic acid from Medium B+. 


acid when the amide is added at a level of about 0.5 to 1.0 mg. per tube; 


progressively larger amounts produce decreasing growth responses. These 
results are illustrated in Table III. 


When added to the basal medium supplemented with 20 mg. each of 
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serine, asparagine, and glutamic acid per tube, none of the other amino 
acids in amounts up to 20 mg. per tube effected an appreciable increase in 
growth rate. 

Effect of B Vitamins—Although Lactobacillus casei grows fairly rapidly 
on Medium B, which contains 2.5 mg. of asparagine and 20 mg. each of 
serine and glutamic acid, it was found possible to increase the growth rate 





TaBLe III 
Effect of Serine, Asparagine, and Glutamic Acid on Rate of Growth of Lactobacillus 
caset 
Experiment No. Amino acids added* per tube Turbidity, 17 hrs. 
per cent light 
transmitted 
910 | 20 mg. asparagine, 20 mg. glutamic acid, plus 

| 2 mg. serine 94, 95 
10 mg. serine 75, 79 
— 69, 70 

20 mg. serine, 20 mg. glutamic acid, plus 

0 mg. asparagine 91, 91 
0.5 mg. asparagine 11, 70 

| 2° ° | 68, 69 

| 20.0 mg. asparagine 62, 61 

| 20 mg. serine, 2.5 mg. asparagine, plus 
2 mg. glutamic acid 81, 81 
10 mg. glutamic acid 72, 73 
2 *§ “c “ 70, 7 

916 10 mg. serine, 1 mg. asparagine, 2 mg. glutamic acid, 
plus 

No supplement 81, 81 
1 mg. glutamic acid 75, 76 
5 “6 “c ‘“c 70, 72 
10 mg. glutamic acid 67, 68 
0.5 mg. glutamine 67, 68 
1 mg. glutamine 71, 71 
x 4 “ 82, 84 
10 mg. glutamine 88, 89 





* The basal medium was Medium AA, minus serine, glutamic acid, and asparagine. 


appreciably, but erratically, by the addition of crude materials such as 
yeast extract, corn steep liquor, and liver. Trypsinized casein was less 
effective. Since in some experiments the effect of these crude supplements 
could be partially replaced by increased amounts of biotin plus vitamin 
Bs (pyridoxine, pyridoxal, and pyridoxamine together, added aseptically), 
the levels of all of the vitamins and minerals were increased to the values 
shown under Medium B+ (Table II) to insure that sufficient quantities 
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for optimum growth were present. Inositol was also included in the 
modified medium. 

The relative growth-stimulating effects of corn steep liquor solids, yeast 
extract (Difco), and trypsinized casein, when added to the basal medium 
containing all of these supplements (Medium B+), are shown in Fig. 1. 





CORN STEEP SOLIDS. | 


aan ne 


——— 


YEAST EXTRACT 


| 
eo | 
e 
F cate? gail | 
ee sal | 
TRYPSINIZED CASEIN | 
} 
{ 
| 
| 


vo) 
—— 


\ 
\ 


TURBIDITY 
PER OF LIGHT TRANSMITTED 


i 


_— _ —=_ 
MG. ADDED PER TUBE 


Fig. 1. Effect of crude supplements on the growth of Lactobacillus casei; basal 
Medium B+, 17 hours incubation. 
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TaBLe IV 


Effect of Added Reducing Agents on Growth Rate of Lactobacillus casei 
Basal | Medium B+) 


plement sterilized by) Supplement sterilized 


lsu 
Experiment No. Supplement added per tube | “ditration and added | by autoclaving with 


| aseptically medium 
| 


| per cent light venennittel per cent light transmitted 





1112 None 79 79 
0.5 mg. ascorbic acid | 65 65 
i * - a | 56 | 56 
25 * e 7 | 45 | 45 
1.0 ‘ thioglycolic acid 66 60 
a * és | 54 56 
2.5 ‘* cysteine | 70 70 

23 None | 59, 58 
2.5 mg. ascorbic acid 39, 40 
2.5 ‘* d-isoascorbiec acid | 36, 36 
3.0 ‘* corn steep solids 34 
3.0 ‘* trypsinized casein | 41 





Turbidities were measured after 17 hours incubation. The relatively slight 
activity of the trypsinized casein suggests that the stimulation produced 
by corn steep solids and yeast extract is due largely to some factor other 
than strepogenin. Essentially the same results were obtained when pyri- 
doxal was omitted, and the tubes containing basal medium and all of the 
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supplements sterilized by autoclaving. This procedure was therefore fol- 
lowed in the remaining experiments, except those in Table IV. 

Effect of Other Known Compounds—Since the growth rate of Lactobacillus 
casei on basal Medium B+ can be increased by the above-mentioned crude 
materials, it appeared advisable to test the possible effect of an additional 
series of known compounds. It was found that increasing by 5-fold the 
mineral level of the medium had no effect; xanthine was inhibitory at 
levels above 10 7; hypoxanthine, guanosine, cytidylic acid, and yeast nucleic 
acid at levels up to 50 y per tube, nicotinamide (0.5 to 3.0 y per tube), and 
sulfuric acid-hydrolyzed casein (12.5 to 125 mg. per tube) were without 
effect. However, a mixture of 5 mg. each of fumaric, succinic, and ascorbic 
acids and sodium ethyl oxalacetate produced a definite response in growth 
rate. This was found to be due to the ascorbic acid content of the mix- 
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Fie. 2. Effect of trypsinized casein and corn steep liquor upon the rate of growth 
of Lactobacillus casei. Basal Medium BA; O, trypsinized casein; @, corn steep 
liquor solids. 


ture. As might be anticipated, the effect of this compound appears to be 
due to its reducing properties rather than to a possible specific vitamin 
effect. The growth-accelerating effect of ascorbic acid is compared with 
that of other reducing agents in Table IV. It is apparent that cysteine is 
not effective at the levels used, while thioglycolic acid is less effective than 
ascorbic acid, and d-isoascorbic acid is equally potent. 

Effect of Crude Materials on Rate of Growth of Lactobacillus casei on Im- 
proved Synthetic Medium BA—Since relatively rapid growth of Lactobacillus 
casei is attained on basal Medium BA (containing the ascorbic acid supple- 
ment), a careful check was made on the possible effect on the growth rate 
of the organism when trypsinized casein, a known source of strepogenin, is 
added. Growth response curves, both turbidimetric and titrimetric, for 
Lactobacillus casei with graded amounts of trypsinized casein and corn steep 
liquor were determined at varying incubation times. The tubes containing 
basal medium, ascorbic acid, and supplements were sterilized by autoclav- 
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ing. ‘Turbidities were determined after 8, 12, 14, 16, 17, 20, and 24 hours 
incubation and acid production in replicate sets of tubes after 15, 20, 24, 
36, and 45 hours. The results of these experiments are summarized in 
Fig. 2. The curves for some of the time intervals are omitted for the sake 
of clarity. In addition, the rates of growth (turbidity) and of acid produc- 
tion by the organism in the basal Medium BA without crude supplements 
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Fic, 3. Rate of growth of Lactobacillus casei on basal Medium BA; no supplements 
added. 
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Fig. 4. Growth response of Lactobacillus casei to biotin, pteroylglutamic acid, 


and DL-serine. Basal Medium BA minus the compound tested; 17 hour incubation 
period. 


are plotted in Fig. 3. It is of interest that there is only about a 3 hour 
lag between turbidity and acid production. 

Use of Improved Lactobacillus casei Medium (BA) As Basal Medium for 
Amino Acid and Vitamin Assays—Medium BA gives constant and repro- 
ducible rapid growth which is not appreciably affected by the addition of 
crude materials likely to contain “non-specific” stimulatory substances. 
It should, therefore, be well suited, upon the omission of the appropriate 
nutrient, for the rapid and accurate assay of those vitamins and amino 
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acids required by Lactobacillus casei. A few tests along these lines were 
carried out. Growth response curves (17 hour turbidity) for pL-serine, 
pteroylglutamic acid, and biotin are illustrated in Fig. 4. Similar curves 
were obtained by titrating the acid formed after 22 hours. While we have 
not had the opportunity to carry out assays of various source materials 
for comparison with literature values, it is felt that the present method 
should prove satisfactory, since the standard curves shown in Fig. 4 are 
highly reproducible. It appears probable that a more practical basal me- 
dium for assays of some of the vitamins could be developed with hydrolyzed 
casein instead of purified amino acids as the nitrogen source. 


DISCUSSION 


The chief factor limiting the rate of growth of Lactobacillus casez in a 
casein hydrolysate or amino acid medium of the usual type is presumably 
the rate of synthesis of strepogenin. It follows, therefore, that the increase 
in growth rate which is observed when additional quantities of serine, as- 
paragine, and glutamic acid are supplied to the organism is due to an in- 
crease in the rate of strepogenin synthesis. These amino acids may func- 
tion directly as precursors of strepogenin; glutamic acid and possibly serine 
have been postulated as components of the strepogenin molecule (4). Since 
DL-serine was employed in the present work, the possible réle of p-serine 
remains to be investigated. Evidence presented previously (1) indicates 
that there is a close metabolic relationship between asparagine and strepo- 
genin; asparagine may represent a component of the strepogenin molecule 
or alternatively may serve as an amide donor. The latter interpretation is 
consistent with the observation that mild acid hydrolysis destroys strepo- 
genin activity in the absence of added asparagine, but is without effect 
when the amide is supplied to the organism (1). 

The effectiveness of l-ascorbic acid and d-isoascorbic acid in further in- 
creasing the rate of growth of Lactobacillus casei is presumably due to their 
reducing effect. It appears unlikely that an appreciable fraction of the 
growth stimulation produced by the addition of trypsinized casein to the 
original medium can be attributed to a similar effect, since the amounts 
added are small. 

The 17 hour growth response curve for pL-serine (Fig. 4) is of interest, 
in that the stimulatory effect of this amino acid under these conditions is 
not observed until amounts substantially larger than the requirement for 
full growth upon prolonged incubation are added. Thus, 2 mg. per tube 
are adequate if growth is allowed to proceed for 72 hours, whereas about 7 
mg. per tube are required for an optimum rate of growth. It is possible 
that serine plays two distinct réles in the nutrition of Lactobacillus caset: 
its direct utilization as a cell protein component and also as a possible 
precursor of strepogenin. 
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Some difficulty has been reported in the use of Lactobacillus casei for 
microbiological assays because of the effect of non-specific stimulatory sub- 
stances on the growth of the organism (5). It is believed that improve- 
ment of basal assay media along the lines indicated in the present paper 
would resolve these difficulties to a considerable extent. 


SUMMARY 


A chemically defined complete medium has been developed which permits 
the rapid growth of Lactobacillus casei. Essentially maximum turbidity 
is obtained at about 24 hours and maximum acid production at about 30 
hours. 

The organism does not grow at an appreciably more rapid rate when 
trypsinized casein, a known source of strepogenin, is added to the improved 
medium. 

The pronounced increase observed in the growth rate of the organism 
when the levels of asparagine, serine, and glutamic acid are increased is 
consistent with the view that these amino acids may serve directly or in- 
directly as precursors of strepogenin. Serine is stimulatory in an amount 
substantially greater than the requirement for growth upon prolonged in- 
cubation. 

The improved medium, upon omission of the appropriate nutrient, is 
capable of serving as a basal medium for the rapid turbidimetric or titri- 
metric assay of substances required for the growth of Lactobacillus casei. 
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APPLICATION OF PAPER CHROMATOGRAPHY TO THE 
ESTIMATION OF SOME FREE AMINO ACIDS 
IN TISSUES OF THE RAT* 


By JORGE AWAPARA 


(From The University of Texas, M. D. Anderson Hospital for Cancer Research, 
Houston) 


(Received for publication, October 21, 1948) 


The development of paper chromatography by Consden, Gordon, and 
Martin (1) has opened a new approach to the problem of resolving and 
detecting small amounts of substances in a complex biological mixture. 
Although this technique was originally designed for the qualitative analysis 
of protein hydrolysates, a number of publications have appeared in which 
numerous adaptations and improvements are described (2) as well as 
attempts to use paper chromatography quantitatively (3-5). 

The present work was undertaken to ascertain the applicability of this 
procedure to the study of amino acid metabolism. 


Methods 


Tissue extracts were prepared free of proteins and lipides, as recently 
described (6). Chromatographic analyses of extracts were carried out 
in accordance with the modification of Williams and Kirby (7). For 
quantitative estimation of amino acids, 0.1 ml. of extract was used, divided 
into five approximately equal small spots applied at 2 cm. intervals on 
Whatman filter paper No. 4. Chromatography was carried out for 18 
hours with redistilled phenol saturated with water. Amino acids were 
located on the chromatogram with a 0.05 per cent ninhydrin solution in 
butanol. The spots developed on the chromatogram were cut out of the 
paper, placed in test-tubes, and 2 ml. of a 1 per cent ninhydrin solution 
added. The addition of 1 ml. of a 10 per cent aqueous pyridine solution 
was found favorable. The tubes were placed on a water bath for 20 min- 
utes. Full color development was obtained at the end of this period. The 
colored solution was transferred to a 25 ml. volumetric flask, made to 
volume, and read in the Beckman spectrophotometer at 570 my. Spectro- 
photometric readings were compared with readings obtained for known 
solutions of amino acids treated in a similar manner. 


* This work was supported in part by a grant from the American Cancer Society 
(grant No. INSTR 23). 
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EXPERIMENTAL 


Fig. 1 indicates that the four fractions found in rat liver fall within the 
range of aspartic acid, glutamic acid, glycine, and alanine. Other amino 
acids were present in lower concentrations and a quantitative estimate 
was impossible. It can be observed that aspartic acid and glutamic acid 
are free of interference from any of the amino acids under study. Glycine 
is shown to be well separated from threonine and to overlap slightly taurine 
and serine. Below the alanine spots are shown ten amino acids which do 
not interfere with any of the four fractions found in rat liver extracts. 
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Fig. 1. Paper chromatogram of known amino acid solutions and rat liver extract 


Possible interference from peptides, glutamine, and asparagine was 
taken into consideration. The presence of peptides in any of the four 
fractions was ruled out by elution of the individual fractions followed by 
acid hydrolysis (8). No changes were observed upon chromatography of 
the hydrolysates. Asparagine was shown to have the same R, value as 
glycine. The presence of asparagine was ruled out by the failure to 


demonstrate aspartic acid upon hydrolysis of the glycine fraction. Glu- 
tamine, which moves at the same rate as alanine, in the chromatogram, is 
converted into pyrrolidonecarboxylic acid during the extraction procedure. 
The latter compound does not interfere, as it does not appear in the chromat- 
ogram. 

The reproducibility of the method was shown by analysis of an alanine 
solution containing 100 y of amino nitrogen per ml. 


The results of twenty 
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separate determinations showed an average of 103 y of amino nitrogen, 
with a coefficient of variation of 5 per cent. 

Paper chromatography, in its present state, offers numerous possibilities 
as a quantitative method in the study of amino acid metabolism. In this 
laboratory it has been used in studying the effect of adrenalectomy on the 
amino acid distribution in liver. It has also been found of great value in 
demonstrating the conversion of histidine to glutamic acid by the action of 
rat liver extracts. Table I shows the relative concentration of aspartic 
acid, glutamic acid, glycine, and alanine in normal rat liver. Extension of 
TABLE I 


Distribution of Amino Acid Nitrogen in Some Fractions of Liver 








Amino acid nitrogen per gm. fresh tissue 








Animal No. eee Sa aes ee 
Aspartic acid Glutamic acid Glycine Alanine 
Y 7 és 7 
1 50 57 80 86 
2 47 77 100 120 
3 68 64 150 85 
4 43 62 120 74 
5 61 50 85 68 
6 50 56 80 78 
7 72 92 110 7 
8 48 45 | 100 60 
9 46 60 90 82 
10 54 54 95 70 
Average..... 53.9 61.7 101.0 79.3 





this procedure to kidney, spleen, heart, and skeletal muscle indicates 
that the same four amino acids exist in these tissues in similar concen- 
trations. 


SUMMARY 


Paper partition chromatography has been applied to the estimation of 
some amino acids present in rat liver extracts. The presence of glutamic 
acid, aspartic acid, glycine, and alanine has been demonstrated. A 
quantitative estimation of these fractions was made possible by spectro- 
photometric analysis of the colored solution produced by ninhydrin. 
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STUDIES ON THE PREPARATION OF SOY BEAN PROTEIN 
FREE FROM PHOSPHORUS 


By L. L. McKINNEY, W. F. SOLLARS,* anno E. A. SETZKORN 
(From the Northern Regional Research Laboratory,t Peoria, Illinois) 


(Received for publication, October 21, 1948) 


It is well known that the properties and nitrogen content of isolated 
soy bean protein vary with the method of preparation (1-3). The present 
study was undertaken for the purpose of determining the phosphorus con- 
tent of soy bean protein prepared by various known methods and to find a 
method of isolating phosphorus-free soy bean protein suitable for funda- 
mental studies. 

Averill and King (4) determined the phytin phosphorus content of 
several varieties of soy beans, and found a variation from 0.505 to 0.727 
per cent. Earley and DeTurk (5) pointed out that the phytin content of 
corn increased during maturation. Earle and Milner (6) attributed ap- 
proximately 80 per cent of the total phosphorus in the Dunfield variety of 
soy beans to phytin. Spitzer and Phillips (7) reported that phytin phos- 
phorus in samples of solvent-extracted and screw-pressed soy bean meal 
(variety not given) accounted for only 58 per cent of the total phosphorus. 
Fontaine, Pons, and Irving (1) were the first to point out the importance 
of phytin as an impurity in seed protein preparations. It was shown that, 
when proteins were peptized from seed meals at a definite pH and later 
precipitated by adjusting the pH to the isoelectric region, a predictable 
amount of phytic acid phosphorus would be precipitated with the protein. 
Evidence was presented which suggested the formation of a protein-phytic 
acid complex, the dissociation of which depended somewhat on pH and 
solubility. It was also shown that the phosphorus content of isolated 
protein preparations was practically independent of their ash content. 


Materials and Methods 


Beans—Except for pilot plant studies, Illini soy beans, 1943 crop, were 
used throughout this study. The beans were cracked, dehulled by forced 
air separation, and flaked to a thickness of 0.005 to 0.007 inch in prepara- 
tion for oil extraction. Prior to removal of the oil, the flakes contained 
7.00 per cent nitrogen and 0.585 per cent phosphorus, 4.5 per cent of which 
was inorganic phosphorus. To insure against loss of significant phos- 


* Present address, Purdue University, Lafayette, Indiana. 
ft One of the laboratories of the Bureau of Agricultural and Industrial Chemistry, 
Agricultural Research Administration, United States Department of Agriculture. 
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phorus by dehulling the beans, the seed parts from a separate sample 
were separated by hand and analyzed for phosphorus. The percentage of 
total phosphorus attributed to each part of the bean was hulls 1.65, em- 
bryo 2.60, cotyledons 95.75. Oil was extracted with a Soxhlet extractor, 
During the course of the investigation, extractions were made with hexane, 
absolute and 95 per cent ethanol, diethyl ether, dioxane, methyl and ethy 
formate, and an 80:20 benzene-alcohol mixture. In no case could the 
removal of phytic acid phosphorus be detected. Hexane-extracted dehulled 
flakes contained 9.08 per cent nitrogen and 0.742 per cent phosphorus. 

Total Phosphorus—The sample was digested with sulfuric, nitric, and 
perchloric acid essentially in accordance with the method of Gerritz (8). 
Phosphorus was then determined colorimetrically, as described by Truog 
and Meyer (9). Since the isolated proteins were free from inorganic 
phosphorus and contained only a small amount of phosphatide phosphorus, 
it was assumed that the phosphorus found was primarily of phytin origin. 

Inorganic phosphorus was determined by the method of Earle and 
Milner (6). 

Nitrogen was determined by the Kjeldahl-Gunning-Arnold method, by 
using a mercury catalyst and a 1 hour digestion after it had become clear. 
By digesting soy bean protein preparations for periods up to 7 hours, 
Smiley and Smith (2) have shown that a digestion period of 1 hour is suf- 
ficient to recover all of the nitrogen. All analytical determinations are 
reported on a moisture-free basis. Corrections for ash have been made 
only where indicated. 

Preparation of Protein—With the exception of variations noted under 
“Experimental,” the following procedure was employed to isolate protein 
from the oil-free meal. The protein was peptized from the flakes or 
leached flakes by suspension in 20 parts by weight of the desired solvent, 
the mixture being stirred for 1 hour with a motor-driven stirrer. The 
clear extract was then removed by centrifuging for 6 minutes at approxi- 
mately 2000 X g. The residue was taken up with the same quantity of 
dispersing solution as used in the first extraction and the procedure re- 
peated. A third extraction was carried out in the same manner. ‘The 
three successive extractions were made to insure removal of as much pro- 
tein as possible with the particular dispersing agent being used. The 
procedure for recovering the protein from the combined extracts depended 
upon the dispersing agent. In extractions with water or alkaline solutions, 
the preparation was precipitated by adjusting the pH to the point of 
minimum solubility, followed by centrifuging. The curd was then washed 
free from excess salt by suspension in water and centrifuging. When salts 
were used as the dispersing agent, the extract was placed in a cellophane 
bag and dialyzed at 5° until free from salt. Unless otherwise stated, the 
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protein preparation was recovered from the dialyzer contents by adjusting 
the pH to the point of minimum solubility of the protein. The procedures 
used for recovering protein from extracts of organic dispersing agents are 
described under ‘Experimental.’ 


EXPERIMENTAL 


Water or Alkali Peptization and Acid Precipitation—The most economical 
method of isolating soy bean protein from the oil-free meal is that of 
extracting with water or dilute sodium hydroxide, clarifying the extract by 
centrifugation, and precipitating by adjusting the pH to the region of 
minimum solubility with acid. The results listed in Table I are representa- 
tive of preparations isolated by this procedure. The pilot plant run in- 
volved only a single extraction with a solvent to meal ratio of 20:1. De- 
tails of the pilot plant operation are reported elsewhere (10). 

In general, the phosphorus contents of the isolated protein preparations 
were those predicted from the peptization curves of Fontaine et al. (1). 
For example, when extractions were made at pH 6.6, 87 per cent of the 
phosphorus would be expected to combine with 82 per cent of the protein, 
and when extractions were made at pH 9.5, 82 per cent of the phosphorus 
would be expected to combine with 92 per cent of the protein. Also, 
precipitations made at pH 5.0 would be expected to contain approximately 
45 per cent of the total phosphorus. 

During the pilot plant operations, it was noted that the solid cake which 
collected in the centrifuge bow] during clarification of the alkaline extracts 
contained from 1.47 to 2.48 per cent phosphorus (5 to 9 per cent phytic 
acid (P X 3.55). By employing Anderson’s method (11), barium phytate 
was readily isolated from this material, substantiating an earlier report (1) 
that part of the cloudiness observed in soy bean protein extracts is at- 
tributable to phytin. 

Leaching Soy Bean Meal with Acids at pH 4.2—The practice of leaching 
solvent-extracted soy bean flakes with aqueous solutions adjusted to the 
isoelectric region of the protein prior to extracting the protein has for its 
main purpose that of inhibiting the “browning reaction.”” For this reason, 
the acidity is preferably obtained with sulfur dioxide (12, 13). Other 
desirable properties for ‘‘protein’’ prepared in this manner have been 
claimed (14). 

In his early work, Anderson (11) used 0.2 per cent hydrochloric acid 
solution to leach phytin from seed meal. However, he learned that 
phytase remained active in concentrations of less than 1 per cent acid 
and prevented the isolation of a crystalline phytate. Since the concentra- 
tion of acid required to maintain a pH of 4.2 in the presence of soy bean 
meal is of the order of 0.2 per cent, it was desired to investigate the re- 
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moval of phosphorus by leaching at the pH of minimum solubility of the 
protein. The results are shown in Table II. Leaching removed nearly 
one-third of the total phosphorus. Protein prepared from the leached 
meal by extracting with sodium hydroxide at pH 10 contained 0.67 per cent 
phosphorus and 15.56 per cent nitrogen. The amount of phosphorus re- 
moved by leaching agrees closely with the peptization curves of Fontaine 
et al. (1), which show 27 per cent of the phosphorus and 9 per cent of the 
nitrogen to be soluble at pH 4.2. 

Leaching the curd precipitated from an alkali extract with 0.5 N tri- 
chloroacetic acid, followed by adjusting to pH 4.2 and washing, yielded a 
preparation of protein containing only 0.33 per cent phosphorus; however, 
the nitrogen content was low (14.50 per cent), indicating degradation. 


TABLE II 


Removal of Total Phosphorus and Nitrogen by Leaching Solvent-Ezxtracted Soy Bean 
Flakes with Sulfurous Acid Solution Adjusted to pH 4.2 











} | 
Leaching Solids extracted | Nitrogen extracted —— 
ae per cent | Fi one - per cent 
NN Be oe ess se sannes 18.7 | 4.4 17.2 
ee’: | PE eo cee whee 6.2 1.6 6.2 
ee ee Oe oe scat ates Eee 4.2 2.1 3.4 
es” Mee. faa a cainteae ees 4.1 1.4 2.1 
NG i iassnnowdcxcectxdeeneen 33.2 9.5 28.9 











Precipitation of Calcium or Barium Phytate from Alkaline Protein Dis- 
persions—The work of Fontaine et al. (1) indicated that the protein- 
phytin complex is dissociated in alkaline dispersions. If this dissociation 
occurs to any extent, it should be possible to precipitate the insoluble 
calcium or barium phytate from the dispersions. In this connection, it is 
well known that a precipitate occurs when lime is added to an alkaline 
meal extract (15, 16). Osborne and Campbell (17) reported that best 
results were obtained when barium hydroxide was used with sodium 
chloride to extract the protein from soy bean meal. 

A series of experiments was performed for the purpose of determining 
whether or not phytin could be precipitated from an alkaline protein 
extract by the addition of calcium or barium ions. Approximately 80 
per cent of the meal nitrogen was recovered in the isolated protein. 3 
per cent of the total phosphorus remained in the insoluble residue on 
extraction with 0.2 per cent sodium hydroxide and 8 per cent on extraction 
with 0.1 per cent calcium hydroxide. The nitrogen values for the isolated 
preparations varied in accordance with the severity of the alkali treatment, 
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probably as a result of the loss of amide nitrogen. The results of the ex- 
periments are tabulated in Table III. For convenience, Table III is 
divided into two parts. The first part shows the results of attempts to 
precipitate barium phytate from the alkaline extracts. The small barium 
precipitate obtained in each experiment was high in phosphorus and the 


TABLE III 
Precipitation of Phytate from Soy Bean Meal Extract with Calcium 
and Barium Ions 


pH of | 





Peptizing agent ieant Special treatment yo — Bs.2 
| per cent per cent 
0.2% NaOH 9.7 | 0.2% Ba(OH): added, pH 10.9; cen- 1.58 0.46 
trifuged to remove ppt. 
02%  * 9.7 | 0.2% Ba(OH): added; adjusted pH 2.74 0.27 
| to 9.5 and heated to 80°; centri- 
| fuged 
NaOH 10-11 | Used meal after leaching with 0.5 N 2.55 0.22 
Cl;CCOOH; 0.2% Ba(OH): added 
to alkaline dispersion; centri- 
fuged 
0.1% NaOH | 9.5 | 5% BaCl, added; stood 17 hrs. at 5°; 1.90 0.18 
centrifuged; Na2SO; added to re- | 
| move Ba; clarified and pptd. | 
CHS | 9.5 | 5% BaCl, added; stood 17 hrs. at 5°; 1.52 0.32 
| centrifuged; dialyzed 
| 
0.1% Ca(OH). 9.2 | Pptd. at pH 4.2 with HCl 1.00 
0.1% fy t* | 9.6 | Pilot plant run; pptd. with SO, 0.79 
0.2% Ba(OH),: 8.4 | Curd redissolved in NaOH and re- 1.00 
| | pptd. 
1% Ba(OH). | Extract set 2 hrs., centrifuged 2.01 0.25 
0.1% Ca(OH). | 9.2 | 0.7% NaOH added; stood 17 hrs. at 5.60 0.20 
| 65°, pH 11.5; centrifuged; dialyzed 
0.1% “ | 9.2 | Heated to 85°; centrifuged (ppt. 0.65 
| | discarded) 


* Single extraction; all the others received three successive extractions. 


isolated protein contained appreciably less phosphorus than protein ob- 
tained without the barium treatment (see Table I), indicating removal of 
phytate from the meal extract. However, the separation was not quanti- 
tative, even with an excess of barium ions present, indicating that not all of 
the phytate was free. The second part of Table III reveals that, when 
protein is extracted with either lime or barium hydroxide and precipitated 
in the normal manner, the protein may be expected to contain 0.8 to 1.00 
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per cent phosphorus. In other words, phytin does not remain with the 
insoluble residue upon filtering the meal extract. The fact that the addi- 
tion of alkali to a lime extract produces a precipitate containing 5.60 per 
cent phosphorus indicates that the protein-phytin complex is dissociated 
to a greater extent at a higher pH, thus enabling the insoluble calcium 
phytate to be precipitated from the extract liquor. 

Mild Hydrolysis with Sodium Hydroxide—For industrial use, soy bean 
protein is ordinarily given a mild hydrolytic treatment, usually by the 
action of dilute alkali on the meal extract (14-16, 18, 19). Such a treat- 
ment enhances the adhesive strength when the protein is dispersed in dilute 
alkali for use as a paper coating binder (20). This action of dilute alkali 
is not entirely understood, but, since ammonia and hydrogen sulfide are 
liberated during the treatment, it is probable that amide and disulfide 
groups are attacked. 

A series of preparations were made to determine the phosphorus content 
after different degrees of mild alkali treatment. 100 gm. of hexane-ex- 
tracted soy bean flakes were ground in a hammer mill and extracted suc- 
cessively with 1000 and 500 ml. of distilled water. The clarified solution 
(about 1300 ml.) was divided into 7 parts and sodium hydroxide added to 
the following respective concentrations: 0, 0.2, 0.6, 0.8, 1.0, 1.5, and 2.0 
percent. After each test solution had been digested for 17 hours at room 
temperature, the protein was precipitated at pH 4.2 with hydrochloric acid 
and the curd washed twice with water. 

Nitrogen values for the series varied from 15.98 per cent for the un- 
hydrolyzed to 14.60 per cent for the sample hydrolyzed with 2 per cent 
sodium hydroxide solution. The phosphorus contents for the series are 
shown in Fig. 1, indicating further that the protein-phytin complex is 
broken up to a greater extent by stronger alkali. 

When protein containing 0.75 to 1.00 per cent phosphorus was dissolved 
in sodium hydroxide solution at pH 11.0 to 11.5, a slimy precipitate re- 
mained which was removed by centrifuging at 2000 X g. This precipitate 
invariably contained from 2 to 5 per cent phosphorus, 3 to 7 per cent 
nitrogen, and gave a strong Molisch test. The resulting protein (dry, 
ash-free basis) contained less phosphorus (0.3 to 0.5 per cent) and 14.6 
to 15.2 per cent nitrogen. 

Peptization with Organic Solvents—To determine whether or not organic 
solvents would peptize protein in preference to phytin, a number of ex- 
tractions were made and the protein isolated. The recovery of the protein 
from organic solvents is not an entirely satisfactory process. From formic 


| acid three procedures were followed: (a) dilution to 5 volumes and neu- 


tralization to pH 4.2 with cold 20 per cent sodium hydroxide, and redis- 
solving and reprecipitating the curd twice, washing well each time to 
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obtain protein free of salt (sodium formate); (b) dilution to 2 volumes and 
addition of 1 n trichloroacetic acid to precipitate all the protein, taking up 
the protein with water and adding sodium hydroxide to pH 4.2, and finally 
redissolving and reprecipitating the curd twice with thorough washing to 
remove the salt; (c) addition of 6 volumes of acetone to the formic acid 
extract to precipitate the protein, washing well with acetone to remove 
formic acid. 

Protein was recovered from the formamide extract by dilution and ad- 
justing the pH to 4.2. From acetic acid, the trichloroacetic acid method 
described above was used. 
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CONCENTRATION OF NaOH SOLUTION , PERCENT 


v 
Fic. 1. Phosphorus contents of preparations of protein from meal extracts which 
had been digested for 17 hours in various concentrations of sodium hydroxide. 


The phosphorus contents of protein preparations extracted from the 
meal with anhydrous organic solvents are reported in Table IV. 

An average yield of 80 per cent of the nitrogen in the meal was obtained 
as protein (N = 15.16 per cent) with formic acid in the three experiments 
carried out. Both acetic acid and formamide gave approximately 20 per 
cent yields. Formic acid gave a dark brown extract and a white residue 
containing 0.30 per cent phosphorus. Attempts to decolorize the extract 
with activated carbon failed because efforts to remove the peptized carbon 
were unsuccessful. 

Protein obtained from the formic acid extract by neutralization with 
sodium hydroxide repeatedly contained very little phosphorus. Analysis 





wa 


the 
the 
$06 


Ph 


hen 


gen 
hex; 


per 





rhich 


the 


ined 
rents 
) per 
sidue 
tract 
irbon 


with 
alysis 


MCKINNEY, SOLLARS, AND SETZKORN 125 


of the formic acid extract showed the presence of 90 per cent of the total 
phosphorus; therefore, if all of the phosphorus in the extract had reacted 
with the protein, the protein would have contained 0.95 per cent phos- 
phorus. Since the major portion of the phosphorus combined with the 
protein upon precipitation with acetone, it becomes obvious that the pres- 
ence of the large amount of salt produced upon neutralizing the formic acid 
was a factor in the recovery of protein substantially free of phosphorus. 

Dissociation of Protein-Phytin Complex with Salts—Further evidence of 
the dissociation of the protein-phytin complex by salts was contained in 
the observation that, when soy bean protein, suspended in aqueous 2 M 
sodium acetate, was acetylated by passing ketene into the suspension, the 


TaBLE IV 
Phosphorus Content of Protein Preparations Extracted from Soy Bean Meal with 
Anhydrous Organic Solvents 








Peptizing agent Pptn. method Phosphorus in 





protein 

per cent 

+. re Dilute; neutralize to pH 4.2 0.04 
87% “ *« add 1.0 n Cl,;CCOOH to pH 1.0 0.16 
87% i ...s...+......| Add 6 volumes acetone 0.82 
CH;COOH, glacial......... Dilute; add 1.0 n Cl,;CCOOH to pH 1.0 0.52 


eR etre ee ” adjust pH to 4.2 0.31 





acetylated protein contained only 0.04 per cent phosphorus. When pro- 
tein was allowed to react with formaldehyde in the absence of buffers, no 
reduction in phosphorus content was observed. When the reaction was 
carried out in the presence of 2 m sodium acetate, the phosphorus content 
was reduced from 1.0 to 0.21 per cent. 

Osborne and Campbell (17) isolated the proteins from soy beans by using 
the classical method of extracting with sodium chloride solution and pre- 
cipitating with saturated ammonium sulfate. These workers reported anal- 
yses for carbon, hydrogen, nitrogen, sulfur, oxygen, and ash, but did not 
mention phosphorus. Since their globulin fraction (glycinin) contained a 
high percentage of nitrogen, it is possible that phosphorus was absent; 
hence the reason for not reporting it. To check this point, several ex- 
tractions were made by the procedure of Osborne and Campbell. Start- 
ing with the dehulled oil meal, analyses were made at each step to deter- 
mine the percentage of total phosphorus removed in each operation. In 
general, the procedure consisted of extracting the dehulled oil flakes with 
hexane, extracting the protein from the oil-free flakes with 5 parts of 10 
per cent sodium chloride solution, removing the insoluble residue, pre- 
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cipitating the protein by adding ammonium sulfate to saturation, filtering, 
dialyzing against distilled water at 5°, redissolving the dialyzer contents, 
redialyzing, and filtering the precipitated protein. The results are shown 
in Column A, Table V. 

Column B, Table V, contains the results of an extraction carried out in 
the same manner as that of Column A, except that three successive ex- 
tractions were made with a solvent to meal ratio of 20:1. 

It is evident from the data in Table V that the greater portion of the 
phosphorus is left behind when the protein is precipitated with ammo- 
nium sulfate. Less than 5 per cent of,the total phosphorus contained in 


TABLE V 
Total Phosphorus and Nitrogen Removed by Various Steps in Preparation of 
Protein by Salt Extraction and Ammonium Sulfate Precipitation 





Step in procedure 5:1 ratio*® (20:1) XK 3 ratio*® 
ns as ee A B 
per cent P per cent N per cent P per cent N 
Hexane extract 1.4 Trace 2.3 Trace 
Meal residue after protein ex- 25.4 22.3 8.9 17.4 
traction 
(NH,)2SO, filtrate after re- 41.7 68.5 
moval of protein curd 
Loss, 1st dialysis 11.9 Met 
ee le 0.7 §.7 
Glycinin or dialyzer ppt. 4.6 41.2 4.2 39.9 
Lil ROAR ei RIN ie, 0 2 a 85.7 63.5 97.3 57.3 





* Solvent to meal. 

t Of the dialyzer content, only the precipitate (glycinin) was analyzed. Con- 
siderable nitrogen and some phosphorus remained in solution. The presence of am- 
monium sulfate precluded Kjeldahl! analysis of each step; hence the large amount of 
nitrogen not accounted for. 


the oil meal appeared in the glycinin. One-fifth of this phosphorus was 
extracted with 80:20 benzene-alcohol, indicating the presence of phospha- 
tides. The particular glycinin preparations reported in Table V still 
contain a small amount of phosphorus. However, these may be consid- 
ered to be crude when compared with Osborne’s preparations. For ex- 
ample, where 41.2 and 39.9 per cent of the total nitrogen were obtained 
as protein by us, he recovered approximately 21 per cent in one experiment 
and 12 per cent in another. He further purified his “crude” protein by 
dissolving it in brine, filtering, and redialyzing. The best product ob- 
tained by our use of this technique is described as follows: Yield (per 
cent N) 27.7; N = 16.80; P = 0.04 per cent (dry, ash-free basis). 
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To investigate further the dissociation of the protein-phytin complex by 
salts, a series of experiments was performed in which the protein curd, ob- 
tained by extracting with 0.1 per cent aqueous sodium hydroxide and pre- 
cipitating with acid at pH 4.3, was leached with a saturated solution of 
sodium sulfate. The procedure was as follows: The wet protein curd was 
extracted three successive times by stirring for 1 hour with 10 parts of 
saturated solution of sodium sulfate, based on the weight of the solvent- 
extracted flakes; the pH during the sodium sulfate extraction was varied 
with either hydrochloric acid or sodium hydroxide, as required; the leached 
curd was finally dialyzed against distilled water at 5° to remove the salt. 


TaBLe VI 


Removal of Total Phosphorus by Leaching Protein Curd with Saturated Sodium 
Sulfate Solution 











P removed 
Step in procedure a 
A B } Cc 
per cent percent | per cent 

Filtrate from NaOH extraction and acid pptn. | 25.7 27.0 25.7 
Insoluble residue from NaOH extraction............ 4.1 8.2 4.1 
Na2SO, leachings of curd*.... RPO Ress ty 38.3 57.3 
Dialyzed protein (dialyzer ppt.).....................| 15.6 | 8.7 | aa 
Loss by dialysis (by difference)..................... 13.2 17.8 | 9.7 
MMSE Sc, ox. 5b dune ch wRW Sa Rle et On | 100.0 100.0 | 100.0 


ge reer verre sy hott e 0.32 | 0.165 | 0.08 





* Leached with saturated Na,SOQ, at pH 2.2 (Column A), pH 7.0 (Column B), pH 
11.5 (Column C). 


70 per cent of the meal nitrogen was recovered as protein. The amount of 
phosphorus removed by the various steps in these experiments is shown in 
Table VI. Columns A, B, and C contain the results of leaching at pH 2.2, 
7.0, and 11.5, respectively. The higher phosphorus content of the protein 
prepared by leaching the curd with saturated sodium sulfate at pH 2.2 is 
significant; however, the differences noted at pH 7.0 and 11.5 appear to be 
more a function of technique than of difference in pH. Preparations ob- 
tained by leaching at pH 7.0 contained as little as 0.05 per cent phosphorus 
if the curd was stirred vigorously during the sodium sulfate extraction. 
Vickery (3) extracted the protein from petroleum ether-extracted soy 
bean meal (Illini) with saturated sodium chloride solution, clarified thor- 
oughly, and dialyzed to obtain a preparation high in nitrogen (16.9 per 
cent) and low in ash. His experiment was repeated during this study and 
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a product containing only 0.12 per cent phosphorus was obtained, indicating 
that sodium chloride in high concentration is effective in removing phytin. 

Another method (2) often used for preparing soy bean protein is that of 
extracting the oil-free meal with 5 to 10 per cent saline solution, clarifying 
the extract, and dialyzing. The data in Table V do not indicate whether 
the removal of phosphorus is attributable to the saline extraction, to the 
ammonium sulfate precipitation, or to both. To elucidate this point, a 
number of experiments were performed by employing the simplified tech- 
nique with the hope that the precipitation step with saturated ammonium 
sulfate could be eliminated. 

These experiments were performed in triplicate and the averages are 
listed in Table VII. Dialysis was carried out against both distilled water 


TaBLe VII 


Per Cent of Total Phosphorus and Nitrogen Removed in Various Steps of Extracting 
Protein with 10 Per Cent Saline and Dialyzing 

















| Distilled water Tap water 
Step in procedure |-- iis eS eae 
N P | N | P 

—<—<—— _ —_—___—— | | — - 

| per cent per cent | per cent per cent 
Residue from NaCl extraction*......| 33.0 | 20.5 | 33.1 | 24.7 
Dialyzed protein, pptd. at pH 5.1...| 53.0 | 3.4 | 44.6 | 32.1 
Filtrate from dialyzer...............| 5.5 0.6 9.2 2.1 
Loss by dialysis (by difference)..... 8.4 | 75.5 | 13.2 40.8 

| | | 

ME cok oid a 5 cies Nokes aa eos | 99.9 | 100.0 | 100.1 99.7 

NaCl extract from Ist step.......... | 66.9 | 79.5 | 67.0 | 75.0 
EES | 16.45 | 0.10 | 15.75 1.00 





* Single extraction with 20 parts of 10 per cent NaCl. 


and tap water as indicated. With the exception of pilot plant preparations 
(Tables I and III), distilled water was used throughout previous experi- 
ments. As shown in Table VII, a preparation obtained by dialyzing 
against tap water contained 1.00 per cent phosphorus, while that obtained 
by employing distilled water contained 0.10 per cent phosphorus. Also, 
it should be noted that the removal of phosphorus occurred during dialy- 
sis of the saline extract of the protein. 

The failure to remove phosphorus in dialyzing against tap water is at- 
tributed to the presence of divalent ions which react with phytin to render 
it insoluble. In this connection, it was observed that both phytic acid and 
sodium phytate readily passed through the cellophane casing used for 
dialysis, although calcium phytate did not. It was also noted that calcium 
phytate was not rendered soluble by dialyzing against 10 per cent sodium 
chloride. 
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In further experiments, protein was extracted from the oil-free meal with 
1 n sodium chloride solution. The clarified extract was then dialyzed 
against 1 n sodium chloride solution for 48 hours, followed by dialyzing 5 
days against distilled water at 5°. The protein was precipitated from the 
dialyzer contents by adjusting the pH to 5.1. This preparation contained 
an average of 0.05 per cent phosphorus. 

Dialyzing an alkaline extract against salt solutions gave slightly differ- 
ent results. The alkaline extract was obtained by dispersing the protein 
with 0.1 per cent sodium hydroxide solution. The combined extracts were 
clarified by centrifuging at 2000 X g, followed by filtering on a Biichner 
funnel. This gave a clear amber dispersion which was dialyzed 48 hours 
against 8 volumes of 1 N sodium chloride solution and centrifuged to re- 
move a slimy precipitate that hadformed. This precipitate contained 2.87 


TaBLE VIII 


Total Nitrogen Found in Various Steps by Removing Phosphorus Prior to 
Extracting Protein 





| 
| Extraction with saturated solution of 





Step in procedure 











(NH4)2SO« | NazSOx | MgSO. 

mee an filtrate: (leaOnings) 5 2666s: oie daed cov ceiioacwawos | 0.81 | 21.59 | 54.48 
% ‘ lost on dialyzing leached meal*................. | 14.11 18.74 | 17.89 
% ‘in residue after alkali extraction................ | 2.50 | 2.66 | 2.19 
% “‘ “* whey after removal of protein................) 14.50 | 12.88 | 5.84 
ma PecOVEred AS Protell.... 2... 6.5.4 oa. sks ddawsee es | 68.08 | 44.18 | 19.60 
0.30 


mae th) TOCOVETEE Protelll,...:.. 56 cocsndewers aden es 0.11 | 0.12 
-*By difference. | | 
per cent phosphorus and 5.26 per cent nitrogen. Salt was then removed 
from the extract by dialyzing at 5° for 9 days against frequent changes of 
distilled water. The pH was adjusted to 5.1 and the protein removed by 
centrifugation. The dry protein contained 0.12 per cent phosphorus and 
15.69 per cent nitrogen. 

In another set of experiments, the possibility of removing phosphorus 


_ from hexane-extracted flakes, prior to extracting the protein, was investi- 


gated. The procedure was as follows: The flakes were extracted with 
saturated ammonium sulfate, sodium sulfate, or magnesium sulfate. The 
extracted meal was then dialyzed at 5° against distilled water until free of 
sulfate ions. The dialyzer contents were adjusted to 0.1 per cent sodium 
hydroxide to peptize the protein and centrifuged to clarify. Two more 
alkali extractions were made to insure removal of the protein. The pro- 


_ tein was precipitated quantitatively by adjusting the pH to 5.1. The 





results are listed in Table VIII. It is obvious that ammonium sulfate is 
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much more efficient in precipitating the protein from the meal than either 
sodium or magnesium sulfate. The phosphorus content of protein ob- 
tained from the meal which had been extracted with saturated magnesium 
sulfate was lower than expected, based on previous experience with tap 
water. The isolated protein obtained from the meal that was extracted 
with ammonium sulfate contained appreciable phosphorus (0.10 per cent). 
Past experience would indicate that, if the flakes were ground to a flour 
prior to removal of the phytin, a more efficient extraction would result. 
DISCUSSION 

It has been shown that the phytase present in meal extracts liberates 
inorganic phosphorus over a pH range of 2.5 to 6.0 (1). The enzymatic 
liberation of phosphorus becomes especially important when protein is iso- 
lated by dialysis because of the extended time during which the enzyme 
may act. However, the evidence indicates that the removal of phosphorus 
by phytase is a minor factor. Dialysis of saline extracts against tap water 
repeatedly failed to remove phosphorus in quantities comparable to that 
removed when the extracts were dialyzed against distilled water. It is, 
however, possible that inorganic phosphorus was liberated and rendered 
insoluble by the calcium in tap water. The fact that a saturated solution 
of ammonium sulfate was effective in extracting phosphorus from the wet 
protein curd or from the oil-free meal, while distilled water was not, would 
appear to exclude the enzymatic liberation of phosphorus as a major factor. 

Phytin appears to be associated with native protein by a salt-labile link- 
age. When the protein-phytin complex is dissociated, it is possible to re- 
move the phytin by dialysis. 

Phytin is removed from the wet protein curd, obtained by alkali extrac- 
tion and acid precipitation, by slurrying with a saturated solution of sodium 
or ammonium sulfate. In this case the protein is not dispersed, yet the 
phytin is removed. In an experiment in which protein was dispersed at 
pH 8 in 100 ml. of water containing 100 gm. of ammonium nitrate and 
dialyzed against tap water, no phosphorus was removed. 

A thorough study of the properties of phosphorus-free protein was not 
made. However, during the course of the investigation certain obser- 
vations were noted. Alkaline dispersions of the phosphorus-free protein 
appeared to exhibit greater clarity. Plastic disks molded from this prod- 
uct failed to exhibit the cloudiness noted in ordinary soy bean protein 
disks. After dialyzing a sodium chloride extract of meal against distilled 
water, only 30 per cent of the protein precipitated in the dialyzer (pH 6.0) 


and the remainder (excepting the soluble albumin fraction) was precip | 


tated by adjusting the pH to 5.1. When tap water was used, 90 per cent 


of the globulin fraction precipitated in the dialyzer. Also, when phytil | 
was removed from the meal prior to alkali extraction, the protein was | 
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precipitated quantitatively from the alkaline extract by adjusting the pH 
to 5.1. Ordinarily it is necessary to adjust the pH to 4.2 before the protein 
will be precipitated quantitatively. It is indicated, therefore, that both 
the pH of minimum solubility and possibly the micellar size of the protein 
are altered by removing the phosphorus. 

Phytin slowly dissociates from soy bean protein in alkaline dispersions 
at pH 11.0 to 11.5 and may be removed by centrifugation. The precipitate 
contains phytin, together with protein and carbohydrate material. The 
presence of calcium or barium hydroxide in such dispersions appears to 
facilitate precipitation. Therefore, a commercial method of preparing soy 
bean protein of low phosphorus content is indicated. 

For fundamental studies, protein is ordinarily extracted with ‘mild al- 
kali” (pH 8.0 to 9.0) to minimize the amount of degradation. When pre- 
cipitated with acid, such a preparation may be expected to contain the 
maximum amount of phosphorus (approximately 1.0 per cent). Phytin 


was removed from such extracts by dialyzing against 1 N sodium chloride 
solution. 


SUMMARY 


The phosphorus content of soy bean protein is shown to be dependent 
on the method of preparation. Protein was prepared substantially free 
from phosphorus by methods that would not be expected to degrade or alter 
the protein. 

Substantially all of the organic phosphorus contained in soy bean protein 
obtained by alkali extraction and acid precipitation behaved as if it were 
phytin phosphorus and was removed by dialyzing the wet curd against 1 N 
sodium chloride solution or by extraction with a saturated solution of 
ammonium sulfate, followed by dialysis to remove the salt. 

Phosphorus-free soy bean protein, suitable for fundamental studies, was 
prepared either by removing the phytin from the oil-free meal prior to ex- 
tracting the protein or by dialyzing the protein extract against 1 N sodium 
chloride. 


The presence of divalent ions inhibited removal of phytin by dialysis or 
leaching. 


The authors are indebted to Cecil H. Van Etten and Mary B. Wiele for 
many of the phosphorus determinations, and to Allan K. Smith for valu- 
able suggestions made during this investigation. 
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THE SYNTHESIS OF TRICARBOXYLIC ACIDS BY CARBON 
DIOXIDE FIXATION IN PARSLEY ROOT PREPARATIONS* 
By JOSEPH CEITHAML anv BIRGIT VENNESLAND 
(From the Department of Biochemistry, University of Chicago, Chicago) 


(Received for publication, October 22, 1948) 


The presence of oxalosuccinic carboxylase and isocitric dehydrogenase 
has been reported in pig heart and pigeon liver preparations (1-4). These 
enzymes have been shown to be involved in the over-all reaction (c), which 
is the sum of the two reactions (a) and (b). 


(a) a-Ketoglutarate™ + CO; = oxalosuccinate™ + Ht 
(b) Oxalosuccinate™ + TPNrea. + H+ = isocitrate™ + TPNox. 
(c) a-Ketoglutarate + CO: + TPNrea. = isocitrate + TPNox. 


These reactions have been studied in animal tissues by spectrophotometric 
and chemical means (1-4) as well as by techniques involving the use of 
radioactive carbon (5). 

The biochemical significance of tricarboxylic acid formation by this 
route and the historical development of the subject have been discussed by 
Ochoa (3), who has also provided detailed information about these reac- 
tions as they are catalyzed by an enzyme preparation obtained from pig 
heart. 

We have previously reported the presence in parsley root of similar 
enzyme systems (6), and the evidence for this conclusion will be presented 
in this communication. 


EXPERIMENTAL 
Materials and Methods 


The enzyme material used in these studies was a lyophilized sample of a 
partially purified parsley root preparation (7). This preparation was ob- 
tained by treating expressed parsley root juice alternately with acetate 
buffer at pH 5.0 for several hours and then with dialysis against 0.025 m 
phosphate buffer at pH 7.4 for 24 hours. Inactive precipitates formed dur- 
ing the course of these treatments and were discarded. The dialyzed 
preparation was lyophilized. This lyophilized material was shown to 
contain oxalacetic carboxylase, malic dehydrogenase, oxalosuccinic car- 


* This work was supported in part by grants from the John and Mary R. Markle 
Foundation and from the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the 
University of Chicago. 


' Triphosphopyridine nucleotide. 
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boxylase, and isocitric dehydrogenase. On the other hand, aconitase and 
fumarase were absent. 

Aconitase was prepared by the method described by Ochoa (3). Pigeon 
liver enzyme was a dialyzed extract of acetone-dried pigeon liver powder 
described by Evans et al. (8). The a-ketoglutaric acid was prepared ace- 
cording to Neuberg and Ringer (9). A sample of barium oxalosuccinate 
was generously provided by Dr. 8S. Ochoa. It was prepared for use by 
the procedure described by him (1). Adenosine triphosphate (ATP) was 
furnished by Dr. J. Speck. TPN was prepared from beef liver by a modi- 
fication of the method of Warburg et al. (10). Various preparations ranging 
in purity from 18 to 78 per cent were employed. The purity was calculated 
after reduction of the TPN by Zwischenferment and glucose-6-phosphate 
from the equation (11): 

1 Io 
8 = —I|n— = 1.3 X 10’ sq. cm. per mole 
cd I 

pL-Isocitric acid was prepared by the method of Fittig and Miller (12-15). 
One sample, employed in the first experiments, was provided by Dr. §. 
Grisolia. It consisted almost entirely of the lactone, and was hydrolyzed 
before use. A second sample, used in the later experiments, was almost 
free of the lactone. This sample, which was free of citric acid, was tested 
for d-isocitrate in two ways, (a) by its conversion in the presence of aconi- 
tase to citrate which was then determined colorimetrically (16), and (0b) by 
its oxidation with pyruvate in the presence of pigeon liver enzyme, Mn‘, 
and TPN (17), whereby 1 mole of CQ, is obtained for each mole of iso- 
citrate present. By both of these methods it was found that 45 to 50 per 
cent of the material was biologically active; 7.e., was presumably d-isocitric 
acid. 

Standard Warburg manometric techniques were employed. ‘The pro- 
cedures used with C™ have previously been described (5). Spectro- 
photometric measurements were made with a Beckman model DU instru- 
ment. 


Decarboxylation of Oxalosuccinic Acid 


Experimental evidence for the catalysis of the decarboxylation of oxalo- 
succinic acid (OSA) by a heat-labile enzyme found in parsley root has 
already been published (6), and the dependence of the enzyme on a divalent 
cation such as Mn** has been shown. ‘The experimental conditions em- 
ployed in these studies were very similar to those described for the assay of 


oxalacetic (OAA) carboxylase in the same type of preparation (7), except 
that lower temperature and lower Mn*++ concentrations (20° instead of 30° 
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and 5 X 10-‘m Mn* in place of 1 X 10-? Mm Mn**) were used in the studies 
involving OSA, in order to decrease the value of the blank; in addition, an 
atmosphere of N2 was employed in place of air. The decarboxylation of 
OSA shows first order kinetics with respect to substrate, just as is exhibited 
by OAA carboxylase of plants (7). The net first order reaction rate con- 
stant per mg. of protein, k per mg., when calculated as described for OAA 
carboxylase, 2 


2.3 OSA, 


k , a no OF | 
oe (s— 4) mg. * : 


(a) OSA; — k of blank 

was found to be 0.113 min.-' mg. in the experiment already described 
(6). This value may be regarded as typical of several such values obtained 
with similar parsley root preparations. One cannot properly compare the 
reaction rate constants for OSA carboxylase with those obtained for OAA 
carboxylase, because of the different conditions employed in the two test 
systems. It is interesting that both OSA and OAA carboxylases from plant 
sources exhibit the first order kinetics, whereas the corresponding enzymes 
from animal sources apparently do not (2, 18). 

Finally, it is worth noting that it was found necessary to work in the 
absence of O, in order to demonstrate the enzyme. Even in the blank 
determination (heated enzyme plus Mn** or Mn‘ alone) appreciable O, 
consumption occurred in an atmosphere of air. This O, uptake was 
greatly accelerated in the presence of active enzyme. ‘This fact is of 
considerable practical importance, since the O2 consumption is sometimes 
sufficient to obscure, almost completely, the CO, evolution. Whether it 
is of any physiological significance appears doubtful, since no O2 consump- 
tion was observed in the presence of isocitrate, TPN, Mn**, and enzyme. 
The oxidative decarboxylation of OSA follows an S-shaped curve and ap- 
pears similar to the oxidations previously observed with OAA and Mn*+ 
in the presence of metmyoglobin (19). 


Exchange of CO, with B-Carboxryl Carbon of Isocitrate 


The exchange experiments were conducted in the manner previously 
employed with pigeon liver preparations (5), except for a modification of 
the procedure used to localize the fixed isotope. 

In these experiments, a mixture of TPN, isocitrate, a-ketoglutarate, 
Mn**, and enzyme was incubated in the presence of NaHC™O;. Since only 
relatively small amounts of TPN were used, virtually no net reaction took 
place. The C initially introduced as bicarbonate did, however, exchange 
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with the 8-carboxyl carbon of the isocitrate, indicating the over-all re- 
versibility of the reaction, 


CHOH—COO- CO—COO 
| Mn** | 


TPN,x. + CH—C“00- — Tins + OO + CH, 
| 





CH:—CO0O- CH.—CO0O 


d-isocitrate a-Ketoglutarate 


As previously described, an approximate indication of the amount of 
fixation which occurs may be obtained by evaporation of an ether extract 
of the acidified reaction mixture to a dry film and determination of its 
radioactivity. Such a procedure was employed to show that no fixation 
of CO, in organic form occurred in the absence of the substrates isocitrate 
and a-ketoglutarate, and that the presence of added TPN was likewise es- 
sential. ATP alone could not substitute for TPN, but ATP in addition 
to TPN effected an increase in the exchange reaction above that which 
occurred with TPN alone (6). 

These cofactor effects have been obtained consistently. The most 
plausible explanation for the effect of ATP appears to be that it prevents 
in some way the destruction of TPN which occurred in this enzyme prepara- 
tion. It was determined that immediately after addition of TPN to the 
enzyme system, during the equilibration period before zero time, more than 
half of the added TPN disappeared. During the 3 hour incubation period 
about two-thirds of the TPN present at zero time was lost.? 

The localization of the fixed isotopic carbon was accomplished by treat- 
ing the ether extract of the acidified radioactive reaction mixture mentioned 
above with pigeon liver extract, pyruvate, Mn**+, and TPN under condi- 
tions known to effect the complete decarboxylation of isocitrate by the 
reaction, 


d-Isocitrate + pyruvate — a-ketoglutarate + CO: + lactate 


The CO, released by this reaction was radioactive, but not all of the radio- 
activity resided in this fraction. Moreover it was found that the ether 
extracts used in these experiments possessed only about one-sixth of the 
isocitrate originally added. The radioactivity not released as CO, by 
this reaction, therefore, may be present in some product of isocitrate which 
is apparently formed during the incubation period. The nature of this 
product has not yet been determined. 

It was also shown that use of the pigeon liver enzyme in these experi- 
ments did not result in any significant incorporation of C' into the pyruvate 
added. 


2 We are indebted to Mr. Eric Conn for these determinations. 





TABLE I 


CO, Fization in Parsley Root Enzyme System 
-" ; 





Amount of radioactivity 
Sample Dry weight per area* 


| Nett Corrected{ 









































mg. per sq. cm. Pog Py 
A. Original parsley root enzyme system 1.87 | 82.6 7,450 
deproteinized after 3 hrs. incubation (0.2 | 
ml. sample of 36 ml. total volume) | 
B. Ether-soluble fraction of A (0.4 ml. sam- 5.55 497.3 | 10,590 
ple of 10 ml. total volume) 
of C. Ether-insoluble fraction of A (2 ml. sam- 178 0 0 
act =, ~— ple of 10 ml. total volume) 
its D. Pigeon liver system containing B, depro- 4.75 | 100.5 5,440 
on teinized after 2.75 hrs. incubation (1 ml. | 
sample of 70 ml. total volume) | 
ate | &. Bther-soluble fraction of D (0.5 ml. sam- 4.72 127.3 5,090 
all ple of 26 ml. total volume) 
ion | fF, Ether-insoluble fraction of D (1 ml. sam- | 20.5 0 0 
ich ple of 60 ml. total volume) | 
* Calculated by dividing the observed dry weight of the sample by 3.47, the area 
‘ost in sq. cm. of the cups used for counting purposes. 
nts + Observed count minus the background count which was generally in the vicinity 
ira- of 40 counts per minute. 
the | t Corrected for thick sample count and then multiplied by the factor W/(IC x 197) 
a (see ‘‘Procedure’’) so that the resulting values are equivalent to thick sample counts 
‘od ’ of BaCO; prepared from the 8-carboxyl group of the isocitrate present. 
‘10 
TaBLeE II 
eat- CO, Fization in Isocitric Acid 
ned pat rom an ‘ tas 
: : | ount of radioactivity 
ndi sais Oe aa 
the as Net ona | Relative 
‘teas | ta |\preme| soo | orm 
A. Total CO, of original parsley root | 2020 5.6  |7720.5 125,000 100 
dio- system at end of 3 hrs. incubation (as 
ther BaCO;) 
the B. 6-Carboxyl group of isocitric acid | 940t| 8.7 520.4 | 8,400 | 6.8 
a ' isolated by treatment with pigeon | | 
= liver system (as BaCO;) 
hich C. Pyruvate carboxyl C obtained from | 7600 7.00 | 4.0 | 4.5 
this pigeon liver system by yeast carboxyl- | 
ase (as BaCO;) | | 
peri- ie Riots ee eee 





* Corrected both for thick sample count and for dilution by the non-radioactive 
vate carbonate added as a carrier. 


t 3000 microliters of d-isocitrate were calculated to have been originally added 
) to the parsley root enzyme system. 
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The experimental results and details of the procedures of a typical ex- 
periment, one of four which have been completed, are compiled in Tables 
Tand II. In Table I are shown the approximate amounts of radioactivity 


found in the various fractions. These were determined by simply evapo- | 


rating an aliquot of a sample to a dry film and then measuring the radio- 
activity of the film. In Table II are given the accurate determinations of 
radioactivity initially present as CO, in the enzyme system and that later 
found in the 6-carboxy] group of isocitric acid. 


Spectrophotometric Evidence for Reduction of TPN by Isocitrate and Its | 


Reoxidation by CO, and a-Ketoglutarate 


The reversibility of the reaction, 


Isocitrate + TPNox. — a-ketoglutarate + CO: + TPNrea. 





can readily be demonstrated by the use of the spectrophotometric pro- | 


cedures employed by Ochoa (3) in studying the isocitric dehydrogenase of 
heart muscle. On addition of isocitrate to oxidized TPN in the absence of 


divalent cations, a partial reduction of the pyridine nucleotide occurs and | 


may be measured spectrophotometrically by determining log J,/J at 340 
my. If Mn is added, the reduction proceeds virtually to completion in 
the presence of 2 X 10~ Mo isocitrate. The reduced TPN can then be re- 
oxidized by addition of a-ketoglutarate and CO,. Moreover we have 
found that Co** can be substituted for Mn** in this system. Fig. 1 shows 
the results of such an experiment conducted in the presence of Co** and 
the same parsley root enzyme preparation as was employed in the C" ex- 
periments. 

Although the reactions in the presence of Cot* are somewhat slower than 
those observed with an equivalent amount of Mn*, we have found the 


former preferable for use in spectrophotometric tests, since there is less | 
tendency for the development of slight turbidities which frequently occur | 


when Mn‘ is employed. These turbidities have sometimes developedin 
the presence of Mn+ even after removal of phosphate from the enzyme by 
prolonged dialysis. 

We have not attempted to make an accurate measurement of the equi- 
librium constants of the reactions. However, since Ochoa (3) has deter- 
mined the constants for the reaction catalyzed by heart muscle, it appeared 
of interest to see whether such rough data as were available from our ex- 
periments would be in approximate agreement with his figures. This has 
proved to be the case. Asan example, K may be calculated from the data 
of the experiment shown in Fig. 1, the equilibrium reached after 60 minutes 
being employed. At this point, the ratio TPNox.:TPNre. (as determined 
from the total amount of TPN added, and from the value of log /,/J at the 
equilibrium point) = 0.5. The ratio of d-isocitrate to a-ketoglutarate (de- 
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termined from total a-ketoglutarate added, total isocitrate added, and 
jsocitrate oxidized) = 1.2 X 10-*. These figures are reasonably accurate. 
However, in the absence of controlled CO, tension, (CO. + H»CO,;) can 
only be roughly estimated. Such an estimate made on the basis of the 

















0 10 20 30 40 SO 60 
MINUTES 


Fia. 1. Reversal of isocitric dehydrogenase from parsley root. Reduction and 
oxidation of TPN determined spectrophotometrically at 340 mu. Corex cells, 
diameter = 1.0cm. Observations made against a blank which received all additions 
except TPN. Optical density corrected for changes on dilution. 1.0 ml. of 0.1 m 
glycylglycine of pH 7.4, 0.1 ml. of 0.01 m cobalt acetate, 0.1 ml. of parsley root en- 
zyme (same solution as that employed in the C™ experiment), 106 y of TPN, made up 
to a volume of 2.9 ml. with H.O. At zero time, 0.1 ml. of 0.007 m d-isocitrate was 
added; at 2 0.1 ml. of 0.5 ma-ketoglutarate; at 3,0.1 ml. of 1 m NaHCO; saturated 
with CO:; at 4, 0.2 ml. of 1 m NaHCO; saturated with COs. 


CO: + HCO; in the added bicarbonate gave a value of 3 X 10- mole per 
liter. 


K-« (TPNox.)(isocitrate) _ 0.5 X 1.2 X 107 | 
~ (TPNyea.)(a-ketoglutarate)(CO.) — 3X 10° ¥ 


Ochoa obtained an average of 1.3 for this figure (3). (Ochoa’s published 
result must be multiplied by 10 if the units of K are to be reciprocal moles 
per liter.) In view of the inaccuracies of our determination due to lack of 
control of temperature, CO, tension, and pH, we regard this as reasonable 


agreement. 
Procedure 


The enzyme reaction mixture contained the following components in a 
total volume of 30 ml.: 3 X 107 Mm a-ketoglutarate, 10-? m pL-isocitrate, 
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2 X 10° m phosphate buffer of pH 6.7, 2.7 X 10-*m MnCl, 2 x 10-4 
mM ATP, 9 X 10-°m TPN, and 95 mg. of enzyme preparation. CQO, was 
added last as a neutralized solution of NaHC“O;. The bicarbonate con- 
centration was calculated to be 10-* Mm, but varied considerably at the end 
of the incubation period. Incubation was conducted in a closed system at 
30° for 3 hours. Appropriate controls were also run. Aliquot samples 
were removed at zero time for isocitrate and TPN analyses. 

At the end of the incubation period, the sample was introduced, via a 
dropping funnel, into 10 ml. of 10 per cent metaphosphorie acid, and the 
system was flushed with CO,-free air into 4 ml. of 1 N CO.-free NaOH for 
15 minutes. The total amount of CO, thus collected was determined 
manometrically from an aliquot of the solution. To another aliquot a 
weighed amount of non-radioactive Na2CO; was added to insure the col- 
lection of an adequate amount of BaHCO; for a thick sample count. This 
aliquot, diluted with added NasCOs;, was placed in a centrifuge tube and 
diluted to approximately 10 ml. with water. The CO,wasthen precipitated 
by the addition of 1 ml. of 10 per cent BaCl.. The BaCO; was repeatedly 
washed with water and separated by centrifugation until the supernatant 
fluid was free of base. The precipitate was then washed with alcohol, 
transferred to an aluminum cup, and dried for counting purposes. All 
results on the radioactivity of BaCO; samples were corrected for dilution 
by the inactive carbonate which had been added. 

The acidified solution from which the CO, had been removed was 
flushed with normal CO, gas for 5 minutes to insure complete removal of all 
traces of CO, still remaining. ‘To prevent foaming during this process, a 
drop of caprylic alcohol was added to the mixture. The mixture was then 
centrifuged to remove the precipitated proteins. The supernatant fluid 
contained all of the fixed radioactive C™. 

A small aliquot of the supernatant fluid was evaporated to dryness and 
its radioactivity was counted. The remainder of the supernatant fluid 
was extracted continuously with ether in a Kutscher-Steudel extractor 
until all the organic acids present were extracted. It should be mentioned 
that 12 to 24 hours of extraction are needed for complete removal of the 
tricarboxylic acids from the aqueous phase. Moreover, it was usually 
necessary to reextract the first ether extract (after distillation of the ether 
and dilution and acidification of the aqueous residue) with ether again 
in order to remove contaminating salts and organic matter which had been 
carried over as an emulsion during the first extraction. Finally it should be 
mentioned that the solutions being extracted were kept cold during the 
extraction procedure by placing the extractors in Dewar flasks filled with 


ice water. This was done to reduce the transfer of water into the ether 


extracts during the long period of extraction. 
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All of the fixed C' was present in the ether extract. The ether was re- 
moved by distillation, and the aqueous residue was neutralized and diluted 
to 10 ml. Aliquots were taken for the various analyses, and one aliquot 
was evaporated to dryness and its radioactivity determined. Radioac- 
tivity values, reported for such dried samples, were thick sample counts 
calculated in such a way that they would be equivalent to thick sample 
counts of BaCQO ; prepared from the 8-carboxyl carbon of the isocitrate 
present. These values were obtained by multiplying the thick sample 
counts observed by the factor W/(IC X 197), where W = total weight of 
the dried sample being counted, JC = moles of isocitrate calculated to be 
present in W (from the amount initially added, assuming no destruction), 
and 197 = molecular weight of BaCO;. Such radioactivity values are 
not as accurate as those obtained with BaCO; samples, but do serve as a 
reasonable approximation of the radioactivity present. 

The amount of isocitrate present in the ether extract was determined 
both by conversion to citrate in the presence of aconitase and the colori- 
metric determination of the citrate formed, and by oxidation with pyruvate 
in the presence of pigeon liver enzyme, as previously noted. By this latter 
procedure, the 8-carboxy] carbon of isocitrate is selectively removed. For 
this determination, 5 ml. of the ether extract (one-half of the total volume) 
were treated with 10 ml. of pigeon liver enzyme preparation, 20 ml. of 0.5 
M acetate buffer of pH 5.0, 2.0 ml. of 0.1 m MnClh, 1.0 ml. of DPN? solu- 
tion (3 mg. of Schwarz DPN per ml.), 2.0 ml. of TPN (260 y), and 1.0 ml. 
of 0.2m pyruvate. The reaction mixture was incubated in a closed system 
for 2.75 hours at 30°. At the end of this time, when the evolution of CO» 
was complete, as indicated in a small pilot run in which CO, production was 
determined manometrically, the CO, was collected and analyzed for amount 
and radioactivity, as previously described. To insure adequate acidifica- 
tion of the reaction mixture for CO, collection, 0.2 ml. of 2. N H.SO, was 
added at the end of the incubation period. Since there was some evolu- 
tion of CO, from the pigeon liver enzyme in the absence of added isocitrate, 
the amount of this blank was also determined manometrically, and appro- 
priate corrections were applied in the calculation of radioactivity of CO, 
actually obtained from the 6-carboxyl group of isocitrate. 

After this enzymic decarboxylation of the isocitrate and the collection 
of the liberated CO, the reaction mixture was heated in a boiling water 
bath for 5 minutes and was then centrifuged. The resulting acid filtrate 
was neutralized and the small additional amount of precipitate which 
formed was removed by centrifugation. The neutral, deproteinized fil- 
trate was found to contain radioactivity which was completely removed by 
24 hours of continuous extraction with ether in Kutscher-Steudel extractors. 


* Diphosphopyridine nucleotide. 
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An aliquot of this ether extract (after removal of the ether by distillation 
and dilution of the residue with water) was treated with yeast carboxylase. 
The CO, which was liberated from pyruvate by this treatment was collected 
and tested for radioactivity. 


DISCUSSION 


In the absence of detailed information about the possible occurrence in 
plant tissues of a tricarboxylic acid cycle similar to that of animal tissues, it 
seems necessary to hold in abeyance any definite conclusion in regard to 
the precise function in plant tissues of CO, fixation by 8-carboxylations. 
The results obtained prove, however, that a plant preparation can form 
tricarboxylic acids by the addition of CO, to a-ketoglutarate. The genera- 
tion of reduced TPN by any suitable hydrogen donor should enable the 
process to proceed to effect the accumulation of considerable amounts of 
isocitrate (and citrate, when aconitase is present). It is worthy of note 
that the equilibrium constant of the over-all reaction (c) is not far from 
unity, indicating that only a small free energy change is involved in the 
reductive carboxylation. 


SUMMARY 


The ability of an enzyme preparation from parsley root to catalyze tri- 
carboxylic acid formation by addition of CO, to a-ketoglutarate has been 
demonstrated. A divalent cation such as Mn* or Co** is necessary for 
the reaction. In the presence of reduced TPN, the product of the initial 
fixation is reduced to isocitric acid. The over-all reaction is similar to that 
already studied in animal tissues. 
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STUDIES ON KETOSIS IN ALLOXAN-DIABETIC RABBITS 


By SACHCHIDANANDA BANERJEE ann GANGAGOBINDA 
BHATTACHARY A* 


(From the Department of Physiology, Presidency College, Calcutta, India) 


(Received for publication, October 22, 1948) 


Animals, such as rabbits (1-3), dogs (4, 5), monkeys (6), and rats (7-9), 
made diabetic by parenteral injection of alloxan, suffer from hyperglycemia, 
glycosuria, and hyperlipemia, and the diabetes resembles that produced 
by pancreatectomy. ‘The alloxan-diabetic animals mentioned above, ex- 
cept rats (7, 8), excrete little or no acetone bodies in the urine, usually 
live for long periods without receiving any injection of insulin, and die of 
inanition and not in acidosis and coma. The rats, however, suffer from 
an early onset of ketosis and die of ketosis and coma within 7 days after 
the injection of alloxan. The longer survival of alloxan-diabetic animals 
other than rats seems to be related to the lower urinary excretion of acetone 
bodies by those animals. Thorogood and Zimmermann (5) observed that 
the severe glycosuria and high insulin requirement in alloxan-diabetic dogs 
could be markedly reduced by depancreatization. Pancreatectomy, how- 
ever, produced an immediate onset of ketosis and the animals died of 
acidosis and in coma. Greeley (10) reports that depancreatized Herbi- 
vora, like the rabbit and goat, though resembling depancreatized Car- 
nivora, like the dog and cat, differ from the latter in that there is no 
ketosis and the animals live in quite healthy conditions for long periods, 
thus resembling alloxan-diabetic animals. Thorogood and Zimmermann 
(5) suggested the existence of a second pancreatic hormone that might 
prevent ketosis and coma. 

In the present paper the effects of intravenous injection of alloxan on 
the urinary excretion of acetone bodies and sugar by rabbits have been 
investigated. The effects of partial removal of the pancreas on the uri- 
nary excretion of acetone bodies and the formation and utilization of ace- 
tone bodies by alloxan-diabetic rabbits have also been studied. 


EXPERIMENTAL 


Healthy Himalayan rabbits were fed germinated gram (Cicer arietinum) 
during the experimental period. The animals were kept in separate me- 
tabolism cages and the urine collected under toluene. The total acetone 
bodies excreted in the 24 hour output of urine were estimated by the method 


* Lady Tata Memorial Research Scholar. 
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of Behre (11). Each of the rabbits then received a single intravenous in- 
jection of alloxan (200 mg. per kilo). Hypoglycemia was prevented in 
these animals by repeated intravenous injections of glucose. The 24 hour 
urinary excretion of acetone bodies and sugar was determined for varying 


periods up to 2 weeks after the injection of alloxan. The results are given 
in Table I. 


TABLE I 


24 Hour Urinary Excretion of Acetone Bodies and Glucose by Rabbits Both before 
and Several Days after Injection of Alloxan 








Acetone bodies (mg.) and glucose (gm.) after injection of alloxan 
Rabbit byl ees 
No. eA tt 3 4 5 6 7 8 10 | 12 | 14 
day | days} days days days days days | days | days | days | days 
1 A. | 1.3) 0.6) 0.9) 18.6 | 22.4) 51.3 7.8} 6.0} 1.7) 2.6) 1.3] 1.5 
G.j}0 |;0 |.1.9] 3.8 4.2; 4.0; 4.8] 4.6; 5.0) 4.2) 3.5) 4.0 
2 A. | 0.8) 0.8) 0.6 3.0 25.0 |193.6)116.0) 13.1] 6.0) 1.0 
Gre Te [2727] °2.8 7.3 10.0 | 10.0} 7.6} 5.0! 6.6) 6.2 
3 A.} 1.0 0.4 12.0 15.5 | 5.0 1.0} 3.2) 1.0 
G.| 0 Bett) 2 1.44 Be) se 3.0) 3.5} 3.0 
4 A. | 0.9 0.3 200.0) 208.0 | Dead | 
G.| 0 1.3 1.6 2.2 | 
5 A. | 1.0 5.6 94.0} 272.0 és 
G.|0 | 1.4/6.0] 3.0] 3.0} 2.8 | 
6 AP SA os4y 2:1} 18:0 | 7720 130.0 |108.0| 71.0] 98.0] 8.6] 1.3 
G.|0 | 0.7) 2.1] 5.2] 6.0 6.1] 4.8] 1.5] 5.2 | 4.5 
7 A. | 0.8} 1.0) 0.6) 56.4 | 151.6] 160.0 35.2 | 20.0 4.4 1.3] 1.2 
G.|0 | 1.6) 3.2} 3.0] 3.5) 3.0! 2.7] 3.0 3.0} 2.5] 2.5 
8 A. | 1.8} 1.6] 2.3] 15.5 38.7| 62.6 128.0} 43.5) 16.5) 18.5) 16.7 
G.|0 | 0.8] 2.8} 5.6] 6.0) 6.6 6.1] 5.3} 6.0] 6.1) 5.0 
9 A. | 1.1} 1.2) 2.0} 58.0 | 124.0) Dead 
G.| 0 | 1.3) 4.5) 5.5 3.3 | 
10 A. | 1.3] 1.3] 0.9] 8.9] 17.0} 25.4 | 35.8] 10.2) 2.8) 1.8) 1.5] 
G.| 0 | 2.3] 4.6) 8.3 7.5). 6.8 5.2] 5.5) 5.0) 4.3] 5.2 



































A. = acetone bodies; G. = glucose. 


To determine the effect of removing the pancreas on the urinary ex- 
cretion of acetone bodies by alloxan-diabetic rabbits, about half of the 
pancreas was removed from three rabbits under ether anesthesia 8 days 
after the injection of alloxan. The 24 hour urinary excretion of acetone 
bodies by these animals, both before and after the removal of the pancreas, 
is shown in Table II. 

In all of the rabbits there was considerable increase in the urinary ex- 
cretion of acetone bodies for the first few days after the injection of alloxan, 
which fell to almost a normal level within 2 weeks. In order to find out 
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whether the decreased urinary excretion of acetone bodies was due to in- 
creased utilization of acetone bodies by the tissues of the alloxan-diabetic 
animals, three rabbits were made diabetic by injection of alloxan. When 
the urinary excretion of acetone bodies was very high, the animals were 
anesthetized with ether, and blood was collected from the femoral artery 
and the femoral vein of one hind leg. The total acetone bodies of both 
arterial and venous blood were estimated by the method of Behre (11), 
as used in the estimation of acetone bodies in urine. When the urinary 


TABLE II 


24 Hour Urinary Excretion of Acetone Bodies by Rabbits before and after Partial 
Removal of Pancreas on 8th Day after Injection of Alloxan 





Acetone bodies after injection of alloxan, mg. 





Rabbit | Zs ; ieee < : 
No. 1 2 3 a|s | 6 7 8 10 | 12 | 14 
day | days days days days | days days days | days | days | days 
1 | 0.9/0.8 | 123.0} 1.1 | 2.51 18.6 | 165.0 | 148.0 | 51.6 | 15.0) 4.0) 1.2 
2 1.4 | 0.8 2.2) 18.0 | 22.0 | 7.0 5.1 | 17.2 3.6) 1.9) 1.3 
So 1 28 


| 


1.8 iia 2.1 15.6 | 77.3 | 150.4 | 108.0 | 70.0 | 73.0) 22.5) 1.8 


TABLE III 
Acetone Bodies of Arterial and Venous Blood of Alloxan-Diabetic Rabbits 
eeder ies Dail i Acetone bodies, per 100 cc. blood 

Rabbit No. Day ee a enceetiin of acetone = 
asad Arterial Venous 

mg. mg. mg. 

l 4 151.6 32.0 31.0 
10 4.4 14.5 13.8 

2 7 128.0 27.8 27.1 
14 16.7 15.9 15.3 

3 12 1.5 9.1 8.5 


excretion of acetone bodies was reduced, both arterial and venous blood 
were again collected from the other hind leg, and total acetone bodies 
estimated as before. The results are given in Table III. 


DISCUSSION 


After the injection of alloxan the rabbits began to excrete increased 
amounts of acetone bodies in the urine on the 3rd day, a maximum being 
reached towards the end of the lst week. Some animals died at this stage 
in acidosis and coma. The rabbits which outlived this critical period 
began to excrete lower amounts of acetone bodies, and towards the end of 
the 2nd week the excretion became normal. These animals lived for about 
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2months. There was practically no relation between the urinary excretion 
of sugar and acetone bodies. The urinary excretion of sugar was still 
high when the diabetic rabbits began to excrete normal amounts of ace- 
tone bodies. Alloxan diabetes is characterized by the specific necrosis of 
the B-cells of the islets of Langerhans and represents only insulin deficiency 
in the animals. From the results obtained it appears that the absence of 
insulin alone is not responsible for all of the symptoms of diabetes. Ketosis, 
particularly, is not a result of insulin deficiency alone, as can be seen from 
the fact that when the excretion of ketone bodies became normal the uri- 
nary excretion of sugar was still high. Acetonuria was not increased after 
partial pancreatectomy in the alloxan-diabetic rabbits. The claim of 
Thorogood and Zimmermann (5) that a second antiketogenic hormone is 
present in the pancreas, therefore, could not be confirmed. It seems that 
the factor or factors controlling ketosis lie in some other organ. 

The rapid rise in the urinary excretion of acetone bodies for the first 
few days after the injection of alloxan indicates that there is increased 
ketogenesis, possibly in the liver. The fall in the urinary excretion of 
ketone bodies at the end of the 2nd week may be due to either diminished 
formation of ketone bodies or increased utilization of ketone bodies. Table 
III shows that when there is increased excretion of acetone bodies the 
acetone body content of both arterial and venous blood is high, indicating 
that there is ketosis, and tissues of the alloxan-diabetic rabbits cannot 
utilize ketone bodies. The secondary lowering of ketone bodies is asso- 
ciated with lower blood acetone bodies. Here again there is no difference 
in the acetone body content of arterial and venous blood. The claim of 
Greeley (10) that Herbivora do not excrete acetone bodies is, therefore, 
not tenable in the case of rabbits. Alloxan-diabetic rabbits show ketosis 
and ketonuria at the onset of diabetes, which are, however, not permanent. 


SUMMARY 


Diabetes produced in rabbits by the intravenous injection of alloxan is 
not free from ketosis. There is an early onset of acetonuria which reaches 
a maximum towards the end of the Ist week after the injection of alloxan 
and then falls gradually until normal levels are reached. 

Glycosuria has no relation to the acetonuria in alloxan-diabetic rabbits. 
When the rabbits excrete a fairly normal amount of acetone bodies in the 
urine, the sugar content of the urine is still high. 

The decrease in acetonuria, finally reaching normal levels, is due to a 
decrease in ketogenesis itself and not to increased utilization of acetone 
bodies by the tissues. 

The partial removal of the pancreas in alloxan-diabetic rabbits does not 
affect the course of ketosis in the animal. 
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It is suggested that the absence of insulin alone is not responsible for 
ketosis in diabetics and that ketosis is probably due to some other extra- 
pancreatic factor. 


Alloxan was kindly supplied by Hoffmann-La Roche, Inc., Basle, Switzer- 
land, through Mr. T. J. Thomson Wells of Messrs. Volkart Brothers, 
Bombay. 
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BIOCHEMICAL CHARACTERIZATION OF LYMPHOID TISSUE 
PROTEINS* 


By SIDNEY ROBERTSt ann ABRAHAM WHITEt 


(From the Departments of Physiological Chemistry, Yale University, New Haven, and 
the School of Medicine, University of California at Los Angeles) 


(Received for publication, October 25, 1948) 


The possible réle of the lymphoid tissues as a depot or source of certain 
blood and tissue proteins has aroused considerable interest in the chemistry 
and physiology of these structures. The demonstration by White and 
Dougherty (1) of increased levels of serum 8- and y-globulins accompany- 
ing lymphocytic dissolution under conditions of augmented pituitary- 
adrenal cortical activity suggested that at least a portion of these proteins 
arose from the lymphocyte. Preliminary studies by these authors of saline 
extracts of rabbit lymphoid tissue revealed the presence of proteins with 
electric mobilities similar to those of serum B- and y-globulin. Normal 
y-globulin has also been demonstrated by Kass (2) in human lymphoid 
tissue. Furthermore, in animals immunized by the intraperitoneal injec- 
tion of antigen, relatively high titers of antibody were found in saline ex- 
tracts of lymphoid tissue by Dougherty, Chase, and White (3). The 
presence of antibody in lymphocytes has been confirmed by Harris et al. 
(4) and by Mondolfo and Hounie (5). This antibody, presumably immune 
globulin, may be readily released by pituitary-adrenal cortical stimulation 
in vivo (6), and upon incubation of surviving lymphoid tissue in vitro (7). 

The function of the lymphocyte in the physiology of normal and immune 
globulins, the contribution of this cell to processes concerned with nitrogen 
mobilization in circumstances of stress, and the influence of pituitary- 
adrenal cortical secretion on the rates of these processes afford a partial 
basis for the elucidation of the réle of the lymphocyte in the normal and 
diseased organism (cf. (8)). It would seem that detailed knowledge of 
the chemical constituents of normal and malignant lymphocytes would 
contribute to a further understanding of this réle. As an initial approach 
to this problem, a study has been made of certain characteristics of the 
proteins which may be extracted from rabbit and rat lymphoid tissue, 


* A preliminary report of this study was presented at the March, 1948, meeting of 
the Federation of American Societies for Experimental Biology (Federation Proc., 
7, 181 (1948)). 
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+ Present address, Department of Physiological Chemistry, School of Medicine, 
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151 








152 LYMPHOID TISSUE PROTEINS 


from calf thymus, and from a transplantable lymphosarcoma of the 
mouse. 


EXPERIMENTAL 
Efficiency of Extraction of Lymphoid Tissue Proteins with Different Aqueous 
Solvents 


The goal first sought was the most efficient method of extraction of 
lymphoid tissue in terms of the total amount of protein present in the ex- 
tracts. It was recognized, of course, that the relative proportions of dif. 
ferent proteins extracted would vary greatly with the extraction solvent, 
and that the most efficient method as far as total protein was concerned 
need not necessarily be the most desirable for any particular protein. 


TABLE I 
Comparison of Methods for Extraction of Rabbit Lymphoid Tissue* 











Total nitrogen 
Extraction solvent = Organic P N:P 
Per ml. extract Per gm. tissue 


mg. mg. per ml. 
ER ee as ceistesid conch iad stems 3.19 8.5 178 17.9 
a. * ey cee 4.12 11.9 213 19.3 
0.05 m Na,SQ,... 2.06 6.5 85 24.2 
0:02 ** NaCl. .... <p 1.51 4.8 115 13.1 
iat 1.43 1.9 80 17.9 
1.70 5.7 92 18.5 


0.02 ‘* phosphate buffer, pH 7.8 


* In each instance the ratio of the extraction fluid (ml.) to tissue (gm.) was 4:1. 


Pooled rabbit lymphoid tissue (lymph nodes, thymus, and appendix) 
was obtained fresh from animals killed by the injection of air into the 
marginal ear vein. ‘The tissue, trimmed of fat and connective tissue, was 
finely minced and ground for about 15 minutes in a chilled mortar with 
washed sea sand and approximately twice its weight of extraction fluid. 
The extract was then subjected to a preliminary centrifugation to remove 
the sand and most of the tissue débris. Thereafter, the extract was cleared 
by high speed centrifugation at 15,000 R.p.m. and 5° for 30 minutes in 
the International refrigerated centrifuge. Total nitrogen analyses and 
organic phosphorus determinations were performed on the extracts by 
modifications of the micro-Kjeldahl (9) and the Fiske and Subbarow (10) 
methods, respectively. The results obtained are detailed in Table I. 

Of the various solvents tested, distilled water adjusted to pH 7.6 with 
NaOH extracted the greatest amount of nitrogen from pooled rabbit 
lymphoid tissue. An examination of the nitrogen-phosphorus ratios (N:P) 
in the various extracts revealed that a considerable amount of nucleic acid 
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or nucleoprotein was probably present in each case. As might be expected, 
the extracts made with NaCl of low ionic strength (0.02 m) contained 
relatively large amounts of organic phosphorus and were extremely viscous, 
probably due to the presence of large amounts of nucleic acids. The least 
amount of phosphorus was found in extracts made with 0.05 m Na.SO,; 
this phenomenon was earlier noted by Halliburton (11). 

It is apparent from Table I that even low concentrations of salt markedly 
inhibited the extraction of nitrogen by aqueous solution. The reduction in 
efficiency was of the order of 50 per cent with sulfate, chloride, hydroxide, 
and phosphate. On the other hand, it is equally striking that adjusting 
the pH of distilled water to 7.6 with NaOH increased the degree of extrac- 
tion by approximately one-third. The relative efficiency of extraction for 
the latter solvent appeared to be so much higher than for the other aqueous 
solvents tested that it was chosen for the remainder of the work. Also of 
advantage was the fact that, even though fairly large amounts of nucleic 
acid appeared to be present, the extracts obtained with this solvent were 
comparatively clear and could be examined electrophoretically without 
difficulty. 


Electrophoretic Examination of Extracts of Lymphoid Tissue 
from Different Animals 


Mildly alkaline extracts were made essentially as described above with 
lymphoid tissue obtained from each of the following sources: pooled lymph- 
oid tissue from rabbit or rat, transplanted mouse lymphosarcoma, and 
calf thymus. All the procedures outlined were carried out at temperatures 
between 0-5°. After high speed centrifugation of the extracts, the super- 
natant material was dialyzed against two or three changes of 0.1 mM sodium 
diethylbarbiturate at pH 8.6 for a total of 72 to 96 hours. Both total and 
non-protein nitrogen analyses were made on the protein solution. The 
amount of protein present (protein nitrogen X 6.25)! varied between 2.5 
and 3.0 per cent in most instances. 

The dialyzed extracts of lymphoid tissue were subjected to electro- 
phoretic analysis in the Tiselius apparatus. All determinations were made 
in a constant temperature bath held at 4°, with 0.1 m sodium diethylbar- 
biturate at pH 8.6 (K = 3.82 X 10-* mho per cm.) as the buffer, and with 
a constant current of approximately 15 ma. passing through the cell. The 
patterns obtained when photographs were taken of the moving boundaries 
were qualitatively quite similar for the four types of lymphoid tissue studied 


1 It is recognized that this calculation may not always be acceptable for the esti- 
mation of protein. In the present study, however, the values obtained for the 
quantity of protein present agreed remarkably well, whether calculated as protein 
nitrogen X 6.25, or determined by actual weighing of the lyophilized material. 
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(cf. Figs. 1 and 2). In all cases, seven components were observed, each 
possessing a characteristic mobility. 

The presence of seven electrophoretically distinct components, each of 
which moved with a more or less definite electric mobility regardless of the 
source of the lymphoid tissue, is shown in Table II. It is interesting to 
note the occurrence of peaks which move with mobilities similar to that of 


MOUSE LYMPHOSARGOMA 


(40 MIN.) (115 MIN.) (270 MIN.) 


RABBIT LYMPHOID TISSUE 


(40 MIN) (145 MIN.) (370 MIN.) 
Fia. 1 


serum albumin (Component 2), ai-globulin (Component 3), a»-globulin 
(Component 4), 8-globulin (Component 5), and y-globulin (Component 7). 
It is not likely, however, that these proteins in lymphoid tissue extracts 
are identical in all cases with the corresponding serum proteins. The 
most rapidly moving component (Component 1), and possibly the next 
most rapid (Component 2), may have been nucleic acid or nucleoprotein 
(see below). 

Extracts of each of the four tissues studied contained two major com- 
ponents, which accounted for 60 to 80 per cent of the total protein extracted 
(Table II). These two components traveled at electric mobilities of 4.0 
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CALF THYMUS EXTRACT 


(40 MIN) (80 MIN.) (110 MIN) 


(215 MIN.) (295 MIN.) (415 MIN.) 
Fig. 2 


TaBLe II 
Electrophoretic Analysis of Lymphoid Tissue Extracts 


Electric mobility, 1 X 1075 sq. cm. ‘ ses 
per vo t per sec. Per cent composition 


4 = ais 


Component No. Rat Mouse | 





Mouse 











* Major ecmponentis 





Rabbi lympho- | . Rabbit | R®t | tympho- 
dss lompuoid 1 oid sarcoma osu iymphoia| phoid sarcoma 

| * | t ln 

_— | tissue planted) tissue | Tissue planted) 
avers icles cb —~-| = i 

1 | 13.6 | 14.1 | 11.5| 13.4 | 3.7| 1.0 | 1.8] 0.4 

2 6.6| 64 | 69, 7.0 | 5.0| 38 | 3.1) 1.4 

3 5.0| 5.6 | 5.0) 51 | 7.1! 621] 21] 2.3 

4* 4.3! 401 4.3! 4.2 | 15.0! 14.8 | 9.2] 14.2 

5* 3.3 3.0| 3.8. 3.2 46.6 61.1 | 70.1| 66.8 

6 2.3) 1.6 | 23 2.0 | 10.7] 9.1 | 8.2] 10.0 

7 10/ 1.4.) 14, 11 | 119] 40] 5.6] 4.9 

Protein in extract, % | 2.8 
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to 4.3 X 10-° (Component 4) and 3.0 to 3.8 X 10-* sq. cm. per volt. per 
second (Component 5), respectively. The distribution of the remaining 
protein among the other five components was also quite similar in the four 
extracts. Thus, it appears that there is a quantitative, as well as quali- 
tative, similarity among the protein components of lymphoid tissue, 
whether the latter is derived from rat or rabbit, from calf thymus, or mouse 
lymphosarcoma. 


Cold Ethanol Fractionation of Calf Thymus Extracts 


Frozen calf thymus, the proteins of which appeared to be representative 
of lymphoid tissue proteins in general, was chosen for fractionation studies, 
since it was a readily available source material. The methods employed 
were similar to those developed by Cohn et al. (12) for the fractionation of 
human blood plasma. 








TaBLe III 
Yields and Properties of Cold Ethanol Fractions from Calf Thymus Extract 
. Relative yield H of 0.5 nt 
, Ethanol trat t oaeNey || Bee oe Nis Ben Ce : 
Fraction " gieleation =" per cent ot — een Sani N:P 
; wiped “igo we 
A 0 100.0 7.5 17 
B 10 19.0 6.5 ibs 
C 20 4.6 6.8 27.0 
D 30 4.8 6.9 20. 
E 40 36.0 6.6 15.1 
6.3 22 


F Supernatant at 40% 10.5 

Extracts of the frozen tissue were made as already described. All pro- 
cedures were carried out in the cold room between 0-5°. To 1500 ml. 
portions of the crude extract was added with continuous stirring a 50 per 
cent ethanol-water mixture at the rate of 30 ml. per hour. A capillary 
tube was used for this addition. The materials insoluble at final concen- 
trations of 10 and 20 per cent ethanol were separated by centrifugation at 
2000 r.p.M. for 1 hour. The addition of ethanol to the remaining solution 
was then continued, 95 per cent ethanol being employed. Fractions in- 
soluble at 30 and 40 per cent ethanol were thus obtained, as well as a frac- 
tion not precipitated at a final concentration of 40 per cent ethanol. Each 
of the precipitates obtained by centrifugation was partially freed of ethanol 
by decanting, redissolved in distilled water, recentrifuged to remove any 
water-insoluble material, and then lyophilized. The supernatant at 40 per 
cent ethanol concentration was dialyzed against three changes of slightly 
alkaline water (pH 7.6) for 3 days, centrifuged to remove substances pre 
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cipitating during dialysis, and also lyophilized. The yields and certain 
properties of these fractions are given in Table III. The total yield may be 
calculated to be 75 per cent of the protein present in the original extract. 

Electrophoretic analysis was carried out by dissolving each of the frac- 
tions in distilled water in a concentration of 2 per cent, and dialyzing as 
described earlier against 0.1 m barbiturate buffer. Dialyzed samples after 
centrifugation were taken for the determination of total and non-protein 


COLD ETHANOL FRACTIONS 
OF CALF THYMUS EXTRACT 


PPT. 10% (B) PPT. 20% (C) PPT. 30% (D) 


(135 MIN.) (115 MIN.) (175 MIN.) 


PPT. 40% 
; a SUPERNATANT 40% (F) 
aQualiite 0556. 


(75 MIN.) (80 MIN.) (180 MIN.) 
Fie. 3 


nitrogen and organic phosphorus. The patterns observed in the Tiselius 
apparatus are shown in Fig. 3. It may be noted that Fractions B, C, D, 
and E, representing the precipitates obtained with 10, 20, 30, and 40 per 
cent ethanol, respectively, each contained three major boundaries. The 
starting material (Fraction A), as well as the supernatant not precipitating 
at 40 per cent ethanol (Fraction E), each possessed varying quantities of 
the original seven components. The percentage composition of each 
fraction is given in Table IV. 

It is possible that the components in the various fractions shown in 
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Table IV do not correspond to one another exactly as represented, since 
changes in mobility of the order of 10 per cent were observed after frac. 
tionation. It is well known that the electric mobility of a protein may 
vary considerably with variations in the types and quantities of other pro- 
teins and other substances in the same solution (cf. (13)). It will be ob- 
served, however, that a partial separation of the seven components present 
in the original extract of calf thymus has been effected. The relatively 
large amounts of organic phosphorus in Fractions B and E (low N:P ratios, 
Table III) would appear to be associated with the presence of the major 
portions of Components 1 and 2 in these fractions (see Table IV). It may 


TABLE IV 
Electrophoretic Analysis of Cold Ethanol Fractions from Calf Thymus Extract 





Per cent composition 





| 
Component No. | Electric, = ots | skit | | ; 

mobility | Original | Ppt. 10 Ppt.20 | Ppt. 30 Ppt. 40 (Supernatant 

| “a | com oe a | Dy | Perey 40 per cent 

| } 4 (fF) 

1 13.6 | 3.7 | 8.4 | @a4 | 2.3 

2 6.6 | 5.0 | | | 13.8 | 10.5 

3 5.0 | 7.1 | 32.9 | 6.0 

4 4.3 | 15.0 | 61.0 62.5 | 32.9 43.8 21.1 

5 3.3 | 46.6 | 30.6 | 34.0 34.2 | 42.4 30.1 

6 2.3 | 10.7 | | | 12.8 

7 eo | «8 | 17.2 
Per cent t yielat.. .| 100 | 19.0 | 4.6 4.8 36.0 10.5 





. 1 x 10- 5 sq. em. per volt per second. 
t Per cent of solid material in original extract present in each fraction. Total 
yield, 74.9 per cent. 


be suggested, therefore, that these two fast components contain large 
amounts of nucleic acid, and may, indeed, represent the major portion of 
the nucleoprotein material present in the original extract. ‘The latter 
statement would seem to be borne out by the large N:P ratios found for 
Fractions C, D, and F (Table III). | 


Biological Activity of Calf Thymus Extracts in Relation to Lymphoid Tissue 
Structure and Function 


Preliminary observations have been made on the possible biological ae- 
tivity of lymphoid tissue extracts and fractions. Results were obtained 
which indicated that substances were present in alkaline extracts of calf 
thymus which were capable of causing acutely an elevation in the blood 
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lymphocyte level of the adult Sprague-Dawley rat. Further investigation 
revealed that Fraction E, precipitated by 40 per cent ethanol, was most 
active in this regard; Fraction B, precipitated by 10 per cent ethanol, was 
next in activity. Thus, the average rise in total lymphocytes 1 hour after 
the intraperitoneal injection of 10 mg. of Fraction B (in distilled water) 
into three male rats was of the order of 16 per cent. Fraction E resulted 
in an elevation of 44.3 per cent under the same conditions. Distilled water 
alone had little or no effect, and the other fractions tested caused a de- 
pression in total lymphocyte count of about 10 to 20 per cent. 


TABLE V 
Effect of Aqueous Extracts of Calf Thymus on Organ Weights of Adult Rats 


The results are averages, + standard deviations where indicated, and are ex- 
pressed as mg. per 100 gm. of body weight. 








| No. of | Autopsy | 

















Group | rats |body weight Thymus | Spleen Liver | Adrenals 

Sat 2 | |_ 

“lM gm. | | 
Control, @.......... 4 156 | 245 +13 | 508 + 181) 4730 | 24.9 
ee a 151 | 282 +28 | 576+ 99! 5028 | 27.5 
Control, d’.......... | 2 241 241 + 24 | 366+ 37| 4629 | 14.6 
re 6 228 | 305 + 36 | 4200+ 49 4922 | 15.9 
ee 6 229 | 302 + 35 | 384+ 40 | 15.4 
ae 6 243 304 + 31 | 386 + 56 | | 14.7 








* Initial aqueous extract; 10 mg. per day for 8 days. 

t Initial aqueous extract; 10 mg. per day for 14 days. 

{10 per cent EtOH precipitate; 10 mg. per day for 13 days. 
§ 40 per cent EtOH precipitate; 10 mg. per day for 13 days. 


In an attempt to ascertain the site of action of the active materials, ex- 
tracts and fractions of calf thymus were injected daily intoadult male rats 
over a period of 1 to 2 weeks. At the end of this time, the animals 
were sacrificed, and certain organs weighed (liver, spleen, thymus, adrenals, 
heart, kidney, testes). As Table V reveals, the most profound changes 
were found in the thymus, where significant increases in weight were uni- 
formly observed. Histological examination demonstrated the presence of 
essentially normal thymic structure. Fractions B and E were again rela- 
tively active, causing selective enlargement of the thymus, and apparently 
not affecting the spleen and other organs investigated. It will be recalled 
that these two fractions were richest in organic phosphorus content. The 
results suggest that some substance present in calf thymus, possibly nucleo- 
protein or nucleic acid, may be capable of causing thymic hyperplasia, and 
of stimulating lymphocyte production or release in the adult rat. 
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DISCUSSION 


The first detailed study of the proteins present in lymphoid tissue wag 
apparently that reported by Halliburton in 1887 (11). In this remarkable 
investigation, the physical properties of aqueous extracts of cat and dog 
lymphoid tissue were carefully studied. On the basis of heat coagulability, 
solubility at different salt concentrations, and viscosity, Halliburton was 
able to demonstrate the presence of four or five different proteins in the 
extracts. With considerable foresight, he likened certain of the proteins 
present to nucleoprotein and to serum globulin. 

Mammalian lymphoid tissue, and thymus in particular, has long been 
recognized as a rich source of “‘animal’’ nucleoprotein, because of its pre- 
dominantly cellular structure. Recently, preliminary investigations on the 
fractionation of thymus nucleoproteins have been reported (14,15). Stern 
(14) has demonstrated the presence of ribose nucleoprotein in the cytoplasm 
of calf thymus tissue and desoxyribonucleoprotein in the nuclear material. 
The latter protein has been prepared in an electrophoretically and ultra- 
centrifugally homogeneous form after exhaustive extraction of the cyto- 
plasmic proteins with 0.14 mM NaCl. Gjessing (15) found nucleic acid in 
fractions of the separated stroma, lymphocytes, and saline-soluble com- 
ponents of calf thymus and mouse thymoma. Inthe present investigation, 
varying amounts of nucleic acid were obtained with different aqueous sol- 
vents. The largest amount was apparently extracted with 0.02 m NaCl. 
The two fast components observed electrophoretically in aqueous alkaline 
extracts of lymphoid tissue contained the bulk of this material. A similar 
conclusion was forthcoming from the work of Abrams and Cohen (16), who 
found in aqueous extracts of human tonsil tissue a fast component (mo- 
bility about 12 X 10- sq. cm. per volt per second) which was charac- 
terized as free ribonucleic acid. This same material was present in extracts 
of lymphoid tissue from other sources (Table II). 

Halliburton (11) and Stern (14) both pointed out the presence of several 
globulin-like proteins in aqueous extracts of lymphoid tissue. From the 
present study, there would appear to be at least five proteins, discounting 
the two components of rapid mobility as possibly consisting mainly of 
nucleic acid. Two of these proteins, at least, seem to have certain proper- 
ties in common with the serum proteins, 8- and y-globulin. A substance 
with an electric mobility similar to that of serum 6-globulin has been found 
in extracts of rabbit lymphoid tissue (1), calf thymus, rat and rabbit lym- 


phoid tissue, and mouse lymphosarcoma (present study), and human lym: , 


phoid tissue (16). However, the latter workers have been unable to 
demonstrate the presence of a protein with the electric mobility of y-globu- 
lin in aqueous extracts of lymphoid tissue. The reason for this is not 
clear, but it may be recalled that Kass (2) has noted the presence of nor 
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mal y-globulin in lymphoid tissue and that antibody (presumably immune 
y-globulin) has been demonstrated in lymphoid tissue by a number of in- 
vestigators (17, 3-5, 7). Whether or not these globulins are identical with 
their serum counterparts must, of course, await their isolation and charac- 
terization. Both cold ethanol fractionation (present study and (15)) and 
ammonium sulfate fractionation (16) have been employed in such attempts. 

The presence of substances in lymphoid tissue which may have some 
biological activity has long been suspected. The investigations of 
Bomskov, purporting to demonstrate the presence of a thymus hormone 
active in growth and carbohydrate metabolism, have been the object of a 
critical denial by Andreasen (18). Parsons et al. (19) have reported the 
results of detailed studies on the action of certain pentose nucleotides on 
normal and tumorous mouse tissue. Of particular interest was the oc- 
currence of a lymphocytosis in mice receiving injections of these substances. 
In the present investigation, injection of extracts and fractions of calf 
thymus had a similar effect, and the activity seemed to be concentrated in 
the fractions rich in nucleic acid or nucleoprotein. The same fractions 
were potent in producing enlarged thymus glands in rats after repeated in- 
jection for 1 to 2 weeks. It seems probable that the increased number of 
lymphocytes appearing in the blood after injection of these extracts was 
due to stimulation of the thymus and possibly other lymphoid structures. 
The mechanism of action of these extracts, whether direct or indirect, is 
obscure at the present time. The results obtained, however, could be ex- 
plained by the presence in lymphoid tissue of a substance which has the 
capacity of depressing the normal pituitary-adrenal cortical mechanism 
controlling the rate of lymphocyte dissolution and formation (cf. (8)). 
This possibility is being further explored. 


SUMMARY 


Extraction of rabbit lymphoid tissue with various aqueous solvents re- 
vealed that the greatest amount of protein was obtained with mildly alka- 
line water (pH 7.6). The extracts obtained, although they apparently 
contained relatively large amounts of nucleic acid, were clear enough to 
permit electrophoretic analysis. 

Examination of alkaline extracts of rabbit and rat lymphoid tissue, calf 
thymus, and mouse lymphosarcoma in the Tiselius apparatus disclosed the 
presence of at least seven components in all instances. The electric mo- 
bilities and percentage distribution of the various boundaries were quite 
similar for the four types of extracts studied. Substances possessing the 
mobility of serum 8- and y-globulin were found to be present. 

Fractionation of extracts of calf thymus has been attempted with the 
cold ethanol technique. Five fractions were obtained, two of which ap- 
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peared to be rich in nucleoprotein. Intraperitoneal injection of these 


two fractions resulted in an increase in the blood lymphocytes of adult 7 
rats. Repeated injection over a period of 1 to 2 weeks also caused thymic 
hyperplasia. 
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THE INABILITY OF THE RAT TO UTILIZE THE METHYL 
GROUPS OF METHIONINE SULFONE AND OXIDIZED 
CASEIN FOR METHYLATION OF HOMOCYSTINE 


By MARY ADELIA BENNETT 


(From the Lankenau Hospital Research Institute, and The Institute for Cancer Research, 
Philadelphia) 


(Received for publication, October 28, 1948) 


Methionine sulfone has been found incapable of substituting for meth- 
jonine in the growth of the rat (1). When casein is oxidized by hydrogen 
peroxide, the resulting oxidized casein (2) cannot support the growth of 
the rats unless the tryptophan and methionine oxidized in the process 
are replaced (3). This fact, together with chemical evidence (2), in- 
dicates that in the modified protein molecule methionine has been con- 
verted to the sulfone, rather than to the sulfoxide which will support 
growth (4). By paper chromatography of hydrolysates, Dent (5) recently 
confirmed the absence of methionine sulfoxide and the presence of the sul- 
fone in oxidized casein. 

The rat experiments (1, 3), as well as the frequent use of oxidized casein 
in bacteriological assay work, indicate the absence of metabolic conversion 
of methionine sulfone, either as free amino acid or in protein linkage, to 
methionine. However, the possibility remains that the methyl group of 
the sulfone may be available for transmethylation. A recent paper by 
Valyi-Nagy (6) gives evidence for an intermediary rdéle of the sulfoxide in 
the demethylation of methionine. This author also implicates sulfone 
formation as an intermediary step in the process, although without experi- 
mental support. 

An experiment mentioned by us earlier (3) showed pronounced growth 
of rats when a choline-free diet containing 15 per cent oxidized casein was 
supplemented with 0.36 per cent homocystine, suggesting the conclusion, at 
that time, that transmethylation may occur. It was subsequently found 
that under the conditions of this laboratory homocystine will induce growth 
without the benefit of methyl donors in the diet (7). In the light of this 
finding the conclusion that the methyl of methionine sulfone is available 
for methylation of homocystine became questionable. 

Further study indicated that the ability of our rats to grow in the absence 
of known methyl! donors is related to preexperimental nutritional condi- 
tions which evidently result in the storage of a factor or factors involved 
in methylation and possibly a synthesis of such factors by intestinal 
bacteria (8, 9). It became possible to abolish the homocystine-induced 
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growth by modifying the intestinal flora of the animals by sulfonamide 
feeding and by depleting the rat of stored factors. Conditions were then 
established in which a dietary methyl donor, like choline, is required. The 
present investigation, conducted under such conditions, was undertaken to 
test the availability of the methyl group of methionine sulfone for methy]- 
ation of homocystine. The sulfone was used as the free amino acid and in 
the protein linkage of oxidized casein. 


Diet 


The following compounds were used: pt-methionine, du Pont’s product 
(99.9 per cent by perchloric titration), pt-methionine sulfone (10) (99.8 
per cent by perchloric titration), oxidized casein (0.008 per cent methionine 
and 0.28 per cent cystine), and pLt-homocystine (100.4 per cent by disulfide 
determination) prepared in this Laboratory by du Vigneaud’s method 
modified by Brand (11, 12). 

The composition of the basal amino acid diet was the same as that 
used in previous experiments and from the same sources (8). When oxi- 
dized casein was used instead of the 17 per cent amino acid mixture, it was 
added as 15 per cent of the basal diet and the adjustment was made in the 
percentage of dextrin. Sulfasuxidine (succinylsulfathiazole, Sharp and 
Dohme) was fed as 2 per cent of the diet, sucrose 15 per cent. 

The vitamins were the same as those employed in previous experiments 
(8). Later in the experiment when the sulfonamide had become effective, 
62.5 mg. of ryzamin-B unfortified (product t, Table I (8)), 2 y of biotin, 
and finally 20 y of crystalline folic acid (folvite, Lederle) were added per 
rat per day to the B vitamins fed. 


EXPERIMENTAL 


Methionine Sulfone—Four female rats were used, two pairs of litter 
mates born within 5 days of each other. They were 34 and 39 days old 
when placed on the experimental diet. 

The preexperimental diet and experimental conditions were the same 
as those previously described (8). 

The rats were allowed to lose weight for 14 days on the basal synthetic 
diet containing sulfasuxidine. This period was extended from 8 to l4 
days in order to deplete the animals as thoroughly as possible. Then 
0.83 per cent homocystine was added to the diet and the basal food was re- 
stricted to3 gm. Growth ensued and continued for 9 to 11 days, when the 
usual drop in weight (7) occurred, an average loss of 13 gm. in 5 days. At 
this point doses of ryzamin-B (62.5 mg.) and folic acid (20 y) were ad- 
ministered for 3 days in order to aid recovery. The rats were then kept on 


the original B vitamin supplement and given the basal food ad libitum until | 
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growth leveled off. It was assumed that the sulfasuxidine had become 
effective and therefore, at this point, ryzamin-B and additional biotin were 
added, followed in a short time by folic acid. If the growth curve of the 
rats remained level upon the addition of these extra vitamins, the animals 
were in a condition suitable for assay purposes. The four rats in this ex- 
periment were first used for several liver fraction assays. Rather than 
condition new animals, which would involve time and expense, it was 
decided to use these rats for the present experiment. The 0.83 per cent 
homocystine in the basal diet was replaced by 0.93 per cent methionine in 
order to test the condition of the animals by their ability to respond to 
methionine. Fig. 1 shows the average growth curve of these four rats 
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Fic. 1. Average daily growth and basal food consumption. Basal diet supple- 
mented with the following: A, 0.93 per cent pL-methionine; B, 0.83 per cent homo- 
eystine; C, 0.83 per cent homocystine and 1.12 per cent methionine sulfone; D, 0.83 
per cent homocystine and 18 mg. of choline chloride. 


and their daily basal food consumption. After 10 days on methionine (A) 
they were returned to homocystine; during the next 8 days the curve fell 
(B). For the following 15 days (C) 1.12 per cent methionine sulfone was 
added to the 0.83 per cent homocystine supplement in the basal diet. All 
rats failed to grow during this period; the average daily losses were 0.30, 
0.40, 0.50, and 0.52 gm. perday. When the sulfone was replaced by 18 mg. 
of choline per day in the presence of 0.83 per cent homocystine (D), all 
animals responded with an immediate gain; the average was 1.4 gm. per 
day. The initial growth experiment with methionine sulfone (1) indicates 
that the sulfone is not toxic. 


Oxidized Casein—Five female rats were used. One pair, litter mates, 
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was 41 days old at the start of the experiment; the other three were from 
different litters, two of the three born the same day being 40 days old, the 
other, 37 days, when placed on the experimental diet. 

These animals were given the same diet and depleted exactly as the four 
rats previously described. None of the five was used for liver fraction 
assay. When they showed a level growth curve on addition of the ryza- 
min-B, folic acid, and additional biotin, which required about 90 days, they 
were used for the present experiment. Fig. 2 shows the average growth 
curve and daily basal food consumption of these rats. The first period of 
10 days (A) is the level period on the full vitamin supplement and 0.83 
per cent homocystine. For the next 14 days (B) the 17 per cent amino 
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Fic. 2. Average daily growth and basal food consumption. A, basal amino acid 
diet with 0.83 per cent homocystine; B, 15 per cent oxidized casein, 0.4 per 
cent tryptophan, and 0.83 per cent homocystine; C, amino acid diet, 0.83 per cent 
homocystine and 18 mg. of choline chloride. 


acid mixture and 0.83 per cent homocystine diet was replaced by one con- 
taining 15 per cent oxidized casein supplemented with 0.4 per cent L- 
tryptophan and 0.83 per cent homocystine. There was an average gain 
of only 1.0 gm. during this period, the average daily changes of the five 
animals being —0.07, +0.04, +0.06, +0.14, and +0.16 gm. Upon re- 
turning to the amino acid diet containing 0.83 per cent homocystine, now 
supplemented with 18 mg. of choline chloride per day (C), gain resulted, 
the average being 1.9 gm. per day. A rat from a former experiment, 
which did not grow on a 15 per cent oxidized casein diet supplemented 
with 0.83 per cent homocystine and 0.4 per cent tryptophan, gained an 
average of 1.8 gm. per day for 9 days when 18 mg. of choline chloride were 
added per day to the oxidized casein diet. 
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The fact that weight maintenance on the basal diet is somewhat better 
in the presence of oxidized casein than with the amino acid mixture may 
be due to the presence of strepogenin! or other protein factors. 


SUMMARY 


Rats fed a labile methyl-free homocystine diet supplemented by either 
methionine sulfone or oxidized casein failed to grow. This constitutes 
indirect proof of failure to methylate the homocystine and suggests that 
oxidation of methionine to the sulfone destroys the biological lability of its 
methyl group. 


The author is indebted to Joseph J. Kolb for preparing the homocystine, 
methionine sulfone, and oxidized casein. She also wishes to thank Dr. G. 
H. Hitchings of the Wellcome Research Laboratories for the ryzamin-B 
unfortified, Dr. E. L. R. Stokstad of the Lederle Laboratories Division, 
American Cyanamid Company, for the folvite, and Dr. D. K. O’Leary of 
E. I. du Pont de Nemours and Company, Inc., for the pt-methionine. 
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1A preparation of oxidized casein analyzed for strepogenin activity was found 


to be only slightly less active than casein (personal communication from D. W. 
Woolley to G. Toennies). 
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THE METABOLISM OF SOME BRANCHED CHAIN ALIPHATIC 
ACIDS 


By DOMINIC D. DZIEWIATKOWSKI, ALAMELA VENKATARAMAN,* anp 
HOWARD B. LEWIS 


WITH THE TECHNICAL ASSISTANCE OF Bauis S. SALIBI AND PRAHLAD C. RAJAM 


(From the Department of Biological Chemistry, Medical School, University of Michigan, 
Ann Arbor) 


(Received for publication, November 26, 1948) 


Trimethylacetic (pivalic) acid and tertiary butylacetic acid, aliphatic 


| acids in whose molecules a tertiary carbon atom is present, are not oxi- 


dized readily in the organism of the rat or rabbit, but appear to be excreted 
in considerable part in conjugation with glucuronic acid (1). These 
represent the first examples of the biological conjugation of glucuronic acid! 
with an aliphatic acid. We have been interested in further studies of 
aliphatic acids which are not oxidized readily in the animal body and which 
might conjugate similarly with glucuronic acid. These have included 


methylneopentylacetic acid, two a-substituted (ethyl group) aliphatic acids, 
and hydroxyisobutyric acid. 


EXPERIMENTAL 


The animals (rats, rabbits), the general laboratory procedures, and the 
methods used were the same as those of our previous studies from this 
laboratory (1). The acids were administered as the sodium salts either 
orally or subcutaneously. 

Methylneopentylacetic Acid (2,4 ,4-Trimethylpentanoic Acid)?—This acid 
boiled at 216° and had a refractive index (n2°’) of 1.4228 and a density (at 
25°) of 0.8882. These constants are in excellent agreement with those 
reported by Whitmore and associates (3). 

Methylneopentylacetic acid (MNPA) is an a-methyl-substituted acid 
of the type which is usually stated to be oxidized readily in the animal or- 
ganism (4,5). Oxidation at the B-carbon atom, as postulated by Carter 
(p. 50 (5)), should yield trimethylacetic acid; demethylation with subse- 
quent a oxidation should yield tertiary butylacetic acid. According to our 
earlier observations (1), if either of these acids were formed, they should 


*Government of India Scholar. 

‘For a discussion of biological detoxication, in which conjugation with glucuronic 
acid is included, the excellent presentation of Williams (2) should be consulted. 

* Obtained from the Mallinckrodt Chemical Works of St. Louis through the co- 
operation of Dr. Melvin J. Thorpe. 
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be resistant to further metabolic change and should be excreted in con- 
jugation with glucuronic acid. We have not been able as yet to isolate 
either of these acids or their conjugation products from the urine of animals 
fed MNPA. Our data indicate that a considerable portion of the acid, 
when administered to either rats or rabbits, is excreted without oxidation, 


TABLE I 


Excretion of Extra Glucuronic Acid after Administration of Methylneopentylacetic, 
a-Ethylbutyric, and a-Ethyl-n-caproic Acids 

1 gm. of the sodium salt of each acid was administered orally except where sub- 

cutaneous injection is indicated. Glucuronic acid is calculated as glucurone. In 

the last two columns, the amount of acid conjugated is calculated on the assumption 

that all of the extra glucuronic acid is conjugated mole for mole with the aliphatic 

acid fed. Per cent refers to the percentage of the amount administered thus con- 
jugated. 








| Extra 














Acid | —. how" a | gersrnotor 
| 

| mg. | mg. per cent 

Methylneopentylacetic (0.867 gm.)* 1-2 | 690 564 65 
: 2-1 759 621 72 

2-3t 655 536 62 

2-4 677 554 67 

2-5 755 618 70 

2-6 712 538 67 

2-7 739 605 | 70 

a-Ethylbutyric (0.708 gm.)* 1-1 60 39 5 
2-2 367. | 242 29 

2-4f 312 206 | 25 
2-5t 658 433 52 

3-1 489 321 38 

a-Ethyleaproic (0.867 gm.)* 4-1 880 719 | 83 
| 42 913 747 86 
| 4-3 896 733 85 
| 44 | 907 | 742 86 


4-5¢ | 919 752 87 





* Amount administered calculated as free acid. 
+ Subcutaneous administration. 


and presumably in conjugation with glucuronic acid. As shown in Table 
I, when 1 gm. of the sodium salt of the acid was fed or injected subcuta- 
neously to rabbits, an increased excretion of glucuronic acid, which corre- 
sponded to 62 to 72 per cent of the MNPA administered, was observed. 
Similar results were obtained with rats in which the increased glucuronic 
acid excretion was equivalent to from 22 to 48 per cent of the MNPA (100 
mg.). The experimental urines reduced Benedict’s solution, which sug- 
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gested the presence of the ester type of glucuronide, unstable to alkali, 
which splits off glucuronic acid and thus shows reducing properties with 
alkaline copper reagents. 

No attempt was made to isolate the conjugated glucuronate from the 
urine. It was possible, however, by the use of the procedure previously 
described (1), to prepare an S-benzylthiuronium (SBT) salt from the ex- 
perimental urines. The melting points and nitrogen contents of these 
salts are given in Table II. The data indicate that, like the other ali- 
phatic acids with tertiary carbon atoms previously studied, MNPA escapes 


TABLE IT 
Melting Points and Nitrogen Contents of S-Benzylthiuronium Salts of Pure Acids 
and of Acids Isolated from Urines 


The melting points are uncorrected. Mixed melting points of the derivatives of 
the pure acids and those isolated from the urines were satisfactory. 


Acid Sample No. M.p. | Nitrogen 

C. per cent 

Methylneopentylacetic | 9.03* 
18t 155 8.98 
1 153-154 | 8.94 
4 154-155 | 8.96 
10 155 8.98 
13 151-153 9.01 

a-Ethylbutyric | 9.92* 
| 17t 142 9.73 
142 9.63 
7 142 9.68 

a-Ethyleaproic 9.03* 
19f 132 8.96 


20 131 9.13 


* Theoretical value. 
t Derivative of pure acid. 


oxidation, in large part, in the animal body and is excreted in combination 
with glucuronic acid. 

a-Ethylbutyric Acid (2-Ethylbutyric Acid, Diethylacetic Acid)*—The acid 
used in the experiments boiled at 193.5° (uncorrected), which checked with 
the boiling point of 190-197° recorded in the literature. The data are 
presented in Tables I and II. The oral or parenteral administration of 
a-ethylbutyric acid to rabbits was followed by an excretion of considerable 
amounts of extra glucuronic acid (except in Experiment 1-1). The 
increases, while not as great as were noted when the acids containing a 
tertiary carbon atom were administered, correspond to from 25 to 52 per 
cent of the acid ingested (excluding Experiment 1-1). Similarly when 100 
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mg. of the sodium salt were fed or injected into young white rats, similar 
increases of glucuronic acid, corresponding to from 22 to 49 per cent, were 
observed. From the urines, it was possible to isolate a SBT salt which 
was identified as that of a-ethylbutyric acid by melting points and analyses 
for nitrogen (Table II). 

In a single experiment in which the salt of a-ethylbutyric acid was in- 
jected subcutaneously into a dog, Blum and Koppel (6) have reported the 
excretion of methylpropyl ketone in the urine. It has also been stated 
that the acid gives rise to acetoacetic acid when perfused through the liver 
(4). Baer and Blum (7) believed that the urinary excretion of acetone 
bodies was increased after the feeding of a-ethylbutyric acid to human 
diabetics. In reviewing this work, Blum and Koppel (6) have pointed 
out that the urine of these patients also contained increased amounts of 
volatile substances which gave a positive iodoform test and that the urines 
were levorotatory. Since many of the glucuronic acid conjugates isolated 
from the urine are known to be levorotatory (Williams (2) pp. 122, 193), 
this suggests the presence of derivatives of glucuronic acid in these urines. 

In view of the observations of Blum and Koppel, we have attempted to 
detect the presence of ketones, notably methylpropyl ketone, in the ex- 
perimental urines by the reaction with 2,4-dinitrophenylhydrazine. We 
were unable to establish the presence of ketones in increased amounts even 
in Experiment 1-1, in which the excretion of extra glucuronic acid and the 
amounts of a-ethylbutyric acid isolated as the SBT salt were small. 

If the fate of a-ethyl-substituted acids is similar to that postulated 
for those with a-methyl substituent groups (4, 8), butyric acid should 
be the product of metabolism, and should yield acetoacetic acid with 
liver slices and acetone in the diabetic organism. On the other hand, if 
8 oxidation preceded dealkylation, the product, a §-ketonic acid 
(CH;—CO—CH(C:Hs)—COOH) would yield methylpropyl ketone by 
loss of carbon dioxide (4,8). We have been unable to obtain evidence of 
either of these reactions in our experiments. Our data point to the excretion 
of a considerable portion of the a-ethylbutyric acid administered, in combi- 
nation with glucuronic acid, although they do not exclude the possibility of 
the other two paths of catabolism. 

a-Ethylcaproic Acid (Butylethylacetic Acid, 2-Ethylhexoic Acid)*—The acid 
distilled at 218-220° at 736 mm. pressure and was a colorless liquid, almost 
insoluble in water, which gave a neutral equivalent of 145.2 (theoretical, 
144). For the preparation of the sodium salt, an alcoholic solution of the 
acid was neutralized (phenolphthalein indicator) with alcoholic sodium 
hydroxide; the solvent was removed under diminished pressure and the 


’ Obtained through the courtesy of the Carbide and Carbon Chemicals Cor- 
poration. 
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residue was dried at 90° for 48 hours. The hygroscopic material was used 
in the feeding experiments. The SBT salt, prepared in the usual manner, 
recrystallized from hot benzene and dried, melted at 132° (uncorrected) 
and contained 8.94 per cent of nitrogen (theoretical, 9.03 per cent). 

When a-ethyleaproic acid was fed or injected subcutaneously into a 
rabbit, an increased excretion of glucuronic acid resulted, an increase which 
corresponded to 83 to 87 per cent of the acid administered (Table I). This 
excretion of glucuronic acid represented a higher conjugation of the organic 
acid than has been observed either in the present series of experiments or in 
those with pivalic and tertiary butylacetic acids previously reported from 
this laboratory (1). No significant excretion of acetone bodies was ob- 
served. 

Our efforts to prepare the SBT salt of the acid from the urine were less 
successful than in our earlier experiments (1). From the ether-extractable 
material obtained from the acidified urine, a gummy product was obtained 
in the reaction with SBT chloride. This was extracted with hot benzene, 
in which the SBT salt of a-ethyleaproic acid is soluble readily, and on 
evaporation of the benzene, small amounts of a salt were obtained which 
appeared to be the SBT derivative of a-ethylcaproic acid (Table II). In 
another experiment, the ether extract of the acidified urine was evaporated 
to dryness and extracted with petroleum ether. From the petroleum ether 
fraction, an SBT salt melting at 131° was obtained. The petroleum ether 
fraction, however, represented only about one-twelfth of the material 
extractable from the urine by ether and titratable with alkali. We are 
unable to offer any satisfactory explanation of the low yield of the SBT 
salt despite the marked increase in the glucuronic acid content of the urine. 
Glucuronides of this type are readily broken down. It is possible that the 
conjugated glucuronide if formed with the fatty acids with longer carbon 
chains may be less labile and that the a-ethylcaproic acid is not free to 
react with the SBT chloride. This needs further study. 

Hydroxyisobutyric Acid (Acetonic Acid)—The acid, prepared by saponi- 
fication of the methyl ester and recrystallized from boiling benzene or 
petroleum ether, melted at 79° (uncorrected) and had a neutral equivalent 
of 104.9 (theoretical, 104). From the acid, the sodium salt was prepared, 
recrystallized from boiling alcohol, and dried at 110° for use in the animal 
experiments. From the sodium salt, the SBT derivative was prepared in 
the usual manner (1) and after recrystallization from a mixture of benzene 
and acetone (4:1) and drying, melted at 141° (uncorrected), and contained 
10.25 per cent of nitrogen (Kjeldahl) (theoretical, 10.37 per cent). 

For the quantitative estimation of the acid, the reaction with ferric 
chloride served as the basis. The yellow color obtained resembles that 


‘ Obtained through the courtesy of the Rohm and Haas Company of Philadelphia. 
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given by lactic acid with the same reagent. To amounts of the acid rang- 
ing from 0.25 to 2.0 mg. in 10 ml. of water was added 1 ml. of a 1 per cent 
ferric chloride solution (freshly diluted from a 10 per cent stock solution). 
The color which developed immediately was read within 5 minutes in a 
Klett-Summerson photoelectric colorimeter (Filter 42). From these read- 
ings, a standard curve was prepared. 

For the determination of the acid in the urine, 5 to 10 ml. of urine were 
acidified with 2 ml. of 10 per cent phosphoric acid and extracted for 2 hours 
with ether in the extraction apparatus described by Griffith (9) for the 
extraction of hippuric acid from urine. 10 ml. of distilled water were added 
to the ether extract and the ether was removed by evaporation on a steam 
bath and finally under slightly diminished pressure. The aqueous solution 
remaining was made up to a definite volume and aliquots were used in the 
ferric chloride reaction as described. Normal urines similarly treated 
served as blank determinations. By these procedures, it was possible to 
recover from 91 to 96 per cent of hydroxyisobutyric acid added as the 
sodium salt to urine and from 95 to 98 per cent from aqueous solutions of 
the salt. 

1 gm. of the sodium salt dissolved in water was fed through a stomach 
tube or injected subcutaneously into a male rabbit of approximately 2.4 
kilos. This amount even when administered daily over a period of 4 
days produced no obvious signs of toxicity; the animals ate the food offered 
regularly and completely. The urine was collected in 24 hour periods and 
analyzed as already described. In one experiment, the partition of 
urinary sulfur was determined by the usual procedures. The data are 
summarized in Table ITI. 

The experimental urines did not reduce Benedict’s copper solution, nor 
give a test for acetone bodies. There was no increase in glucuronic acid 
excretion nor in conjugated sulfate sulfur. The total nitrogen and cre- 
atinine excretions (not shown in Table III) were remarkably constant. 
The amount of ether-soluble material which reacts in the ferric chloride 
test was equivalent to 35 to 42 per cent of the acid administered. Since 
lactic acid also reacts with ferric chloride and would be determined by 
our procedure, an attempt was made to identify the substance in the urine 
which gave the yellow color with ferric chloride. 

A rabbit was fed 1.5 gm. of the acid (in solution in the theoretical amount 
of sodium bicarbonate) daily for 2 days. The pooled urines were acidified 
with phosphoric acid and extracted with ether for 8 hours. The ether ex- 
tract was dried with a small amount of anhydrous sodium sulfate, was 
shaken with decolorizing charcoal, and filtered. The residue, after evapora- 
tion of the ether, was converted to the sodium salt (1.15 gm. of crude dried 
material). 0.5 gm. of this salt was converted to the free acid which was 
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crystallized from petroleum ether. Somewhat more than 250 mg. of the 
acid were obtained. The crystals melted at 79°, did not depress the melting 
point of a sample of the pure acid, and, when analyzed by the ferric chloride 
reaction, showed a purity of approximately 98 per cent. 

From the remainder of the sodium salt prepared from the urine, the SBT 
salt was prepared. 800 mg. of a derivative, which melted at 140° and did 
not depress the melting point of a similar derivative of the pure acid, were 
thus prepared. On analysis (Kjeldahl), 10.45 per cent of nitrogen was ob- 
tained (theoretical, 10.37 per cent). It is evident from these observations 
that the major part of the material excreted in the urine and reacting with 


TABLE III 
Glucuronic and Hydroxybutyric Acid Contents of Urine after Administration of 
Hydroxybutyric Acid 


1 gm. of the sodium salt (equivalent to 0.825 gm. of the acid) was administered 
orally except as indicated. Glucuronic acid is calculated as glucurone. 








Period | Glucuronic acid Hydroxyisobutyric acid 
| mg. mg. per cent of intake 
RE i bis on. clea SOR eo ee | 131 (101-178) 
| eee rer eer | 153 290 | 35 
se | ERE Te ey 101 337 41 
Prey ners Ser 114 350 42 
. | Pee TS. POR nL? | 152 341 41 





*The average daily excretion of 11 control days. The values in parentheses 
represent the range of normal values. 

t The partition of sulfur showed excretions of 69 mg. of inorganic sulfate and 7 mg. 
of conjugated sulfate sulfur on the experimental day, in comparison with similar 


values of 79 and 7 mg., respectively, on 3 control days immediately preceding and 
following the experimental day. 
t Subcutaneous administration. 


ferric chloride was the unchanged acid. The possibility of the presence 
of small amounts of lactic acid cannot, however, be ruled out entirely. 
Previous studies of the fate of hydroxyisobutyric acid in the animal 
organism are limited and the data are not presented in detail. Blum in 
1910 (11) reported that when the acid was administered to young animals 


’ The SBT salt of lactic acid melts at 153° (10) and has a nitrogen content of 10.93 
per cent. While the differences between the melting point and nitrogen content of 
the SBT salts of lactic acid and hydroxyisobutyric acid are not great, it is believed 
that the properties of the SBT salt of the acid isolated from urine exclude the presence 
of a significant amount of the lactic acid salt. When the SBT salts of lactic acid pre- 
pared in this laboratory and of the ether-soluble acid, extracted from the experi- 
mental urines, were mixed, the melting point of the mixture was 127-135°, further 
evidence of the absence of lactic acid in the SBT salt prepared from urine. 
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(neither the route of administration nor species of animal is stated) no 
acetoacetic acid was formed, but the acid was excreted, largely unchanged, 
together with traces of lactic acid. Since approximately 60 per cent of the 
acid fed in our experiments could not be accounted for in the urine, regard- 
less of the mode of administration, we believe that this fraction has prob- 
ably undergone biological oxidation. In such an oxidation, the first step 
might well be demethylation with the formation of lactic acid, which should 
not appear in the urine. It is of interest to note that hydroxyisobutyric 
acid is reported not to be metabolized by microorganisms (12). 

The behavior of hydroxyisobutyric acid is in striking contrast to that 
of isobutyric and pivalic (trimethylacetic) acids. Isobutyric acid gave rise 
to extra glucose in amounts approximately equivalent to 3 carbon atoms in 
the phlorhizinized dog (13). Pivalic acid was excreted, largely unchanged, 
but in combination with glucuronic acid by the normal rabbit (1). It is 
also of interest to note that 6-hydroxyisovaleric acid, which contains the 
grouping (CH;)2,C(OH)— present in hydroxyisobutyric acid was oxidized 
in living tissue and is reported to give rise to acetoacetic acid in perfusion 
experiments with the surviving liver (14). 


SUMMARY 


Methylneopentylacetic acid, an acid which contains a tertiary carbon 
atom, like the similar acids, trimethylacetic and tertiary butylacetic, was 
oxidized with difficulty in the organism of the rabbit and the rat and its 
administration led to the excretion of large amounts of extra glucuronic 
acid, presumably in conjugation with the unchanged acid. 

The administration of two acids in whose molecule an ethyl group was 
substituted on the a-carbon atom, a-ethylbutyric and a-ethyl-n-caproic 
acids, also resulted in the excretion of considerable amounts of extra glu- 
curonic acid. This suggests the presence of the unchanged acid as a 
glucuronide and is in accord with a few early observations which indicated 
that such acids were oxidized with difficulty (in contrast to a-methyl 
acids). 

No ketone derivatives were isolated when hydroxyisobutyric acid was 
administered; considerable amounts of the acid were excreted as such, but 
no conjugation with glucuronic acid was indicated. 
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‘THE OXIDATION OF UNSATURATED FATTY ACID 
IN NORMAL AND SCORBUTIC GUINEA PIGS 


By HERBERT ABRAMSON 
(From the Department of Zoology, Duke University, Durham, North Carolina) 


(Received for publication, September 10, 1948) 


Kohn and Liversedge (1) showed that rat tissues incubated aerobically 
formed a substance which reacts with either p-aminobenzoic acid (PAB) 
to give a yellow color or with thiobarbituric acid (TBA) to give an orange- 
red color. Bernheim, Wilbur, and Fitzgerald (2) found that ascorbie acid 
catalyzes the oxidation of a compound which is linked to brain protein, and 
that the oxidation product reacts with these reagents producing the char- 
acteristic colors. Ascorbie acid is known to catalyze the oxidation of 
lipides. Rusch and Kline (3) demonstrated this for liver phospholipides; 
Elliott and Libet (4) found that phospholipides increased the oxygen con- 
sumption of brain suspensions and that this effect is augmented by ascorbic 
acid. That the substance which is linked to tissue protein and reacts with 
PAB and TBA is lipide is indicated by the recent work of Bernheim, Bern- 
heim, and Wilbur (5), in which it was found that the oxidation products of 
certain unsaturated fatty acids form the colored compounds. Analysis of 
the TBA compound showed that a 3-carbon fragment had combined with 
the thiobarbituric acid. The reaction is given by lecithin, cephalin, and 
methyl linolenate but not by lysolecithin, oleic, or linoleic acid. The ab- 
sorption spectrum of the colored compound formed by methy! linolenate 
with thiobarbituric acid is identical with that given by tissues,! and it is 
presumed that the substance concerned is linolenic or a related fatty acid 
from which a 3-carbon fragment can be split. 

The thiobarbituric acid test provides a convenient method for following 
the oxidation of linolenic and possibly similar fatty acids and has been 
utilized in the present experiments to study the influence of ascorbic acid on 
fatty acid oxidation in several tissues of normal and scorbutic guinea pigs. 
In most scorbutic tissues a subnormal oxidation has been found. Addition 
of ascorbic acid to such tissues in vitro increased the amount of oxidation to 
the normal level. This indicates that ascorbic acid is a catalyst for this 


oxidation and that the tissues of the scorbutic animal contain normal 
amounts of fatty acid. 


EXPERIMENTAL 
Male guinea pigs weighing 260 to 480 gm. were given a scorbutigenic diet 
(6) mixed with minced, fresh carrots plus a daily oral supplement of 5 mg. of 


‘Bernheim, F., and Wilbur, K. M., personal communication. Tested on fresh 
sample supplied by the Nutritional Biochemicals Corporation. 
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crystalline ascorbic acid (6). After 2 to 8 days the animals had become 
accustomed to the new diet and were then divided into experimental and 
control groups on the basis of similar weights. The experimental group, 
which was given a diet lacking ascorbic acid, showed typical symptoms of 
scurvy after 2 to 3 weeks (7). At that time both the control and experi- 
mental groups were given 0.5 gm. of L-tyrosine orally, and the urines were 
tested for the presence of hydroxy acids (6). After the scorbutic animals 
gave a positive test, the normal and deficient guinea pigs were decapitated, 
Postmortem examination revealed no symptoms of scurvy in the contro] 
animals (7). 

Organs to be studied were dissected immediately, weighed, ground 
thoroughly in a mortar, squeezed through muslin, and diluted with 0.05 
Na-K phosphate buffer of pH 6.7 to give a concentration of 200 mg. of 
tissue per ml. of buffer. To 1.5 ml. of buffer was added 0.5 ml. of tissue 
suspension, and the flasks were incubated at 37-38° for 105 minutes with 
shaking. For testing the effect of ascorbic acid, 0.5 mg. was added to the 
suspension (2). The pH remained at 6.7. After incubation 1.0 ml. of 
20 per cent trichloroacetic acid and 4 ml. of thiobarbituric acid reagent (1) 
were added to the suspension, which was then placed in a boiling water 
bath for 5 minutes. The precipitate was centrifuged, and the density of 
color of the decanted liquid was read in a Fisher electrophotometer with 
Filter 525B. Blanks were run to correct for the reagents and the turbidity 
of the tissue suspensions. 


Results 


Fatty acid oxidation of tissues of normal guinea pigs on a controlled diet, 
as measured by the amount of color produced, is summarized in Table I, 
Column 4. Brain gave the highest values followed in order by testis, 
medulla oblongata, adrenal, kidney, liver, and spleen, with very low values 
for heart. In normal animals on a normal uncontrolled diet,’ the sciatic 
nerve gave values comparable with brain and testis. Oxidation was similar 
in various parts of the brain except for the olfactory bulbs in which it was 
much reduced, a finding which may be related to the smaller number of 
myelinated fibers. Values for adipose tissue were in the same range as 
adrenal and kidney. Throughout the experiments care was taken to 
remove all extraneous fat from the organs before the tissue suspensions 
were made. 

Fatty acid oxidation in scorbutic whole brain, medulla oblongata, testis, 
adrenal, and kidney was significantly less than that in the corresponding 


The normal uncontrolled diet consisted of Rockland guinea pig diet, hay, and 
fresh carrots and lettuce. 
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normal tissues (Columns 2 and 4). Addition of ascorbic acid to these 
tissues of the scorbutic animals brought the values into the normal range 
(Columns 2, 3, and 4). On the other hand, scorbutic liver, spleen, and 
heart gave essentially normal values, and the addition of ascorbic acid to 


TABLE I 
Thiobarbituric Acid Color Production by Normal and Scorbutic Guinea Pig Tissues 
Incubated with and without Added Ascorbic Acid 
The tissue suspensions were incubated 105 minutes at 37-38°. The color density 
was measured with a Fisher electrophotometer with Filter 525B. Scale readings 
above 5 were directly proportional to concentration within the range employed. 
The figures represent mean values with probable error. All tissues listed below 


“heart” are from normal animals on a normal uncontrolled diet. 

















| normal or ‘ — ; | vik aenaile 
Tissue a Scorbutic —— acid Normal | bP 
pigs 
(1) (2) (3) (4) (S) 

Brain 9 [29.9 + 1.2:49.2 + 2.3)42.4 + 0.01509 + 4.0 
Medulla oblongata 3 10.6 + 1.0/37.6 + 5.024.0 + 1.934.6 + 4.6 
Testis 9 17.4 + 1.5/41.5 + 3.334.1 + 1.3/41.2 + 4.3 
Adrenal 6 7.9 + 0.7)19.2 + 5.220.9 + 2.8)14.4 + 4.1 
Kidney 9 8.1 + 0.9/39.5 + 3.2)16.9 + 0.7/47.0 + 2.4 
Liver 9 15.3 + 3.619.8 + 6.4)10.7 + 2.2) 4.3 + 0.6 
Spleen 9 8.8 + 0.6] 6.2 + 0.6/10.2 + 0.6) 8.4 + 1.0 
Heart | 3 1.2 + 0.2) 2.1 + 0.5) 1.9+ 0.3'0.5 + 0.3 
Right sciatic nerve 3 48.1 + 6.5/53.7 + 6.2 
Left ? - 3 29.7 + 5.7/438.2 + 7.6 
Right olfactory bulb 4 3.9 + 1.0 
Left - ™ 3 2.2 + 0.7 
Right cerebral hemi- | 4 16.5 + 1.7 

sphere | 
Left cerebral hemisphere | 4 116.6 + 1.9 
Cerebellum 4 111.2 + 1.4 
Mesencephalon and di- | © <4 \15.5 + 0.4 

encephalon | | 
Pituitary 4 16.9 + 7.5 
Medulla oblongata 3 112.9 + 2.0 
Fat posterior to right| 3 | | 19.7 + 3.3/24.2 + 4.7 

kidney | 


| 


| 


these tissues caused no significant change except some decrease in scorbutic 


spleen. 


Several normal tissues exhibited increases on the addition of 


* The significance of the difference between the means in Table I has been tested. 
This includes a comparison of the following sets of data: scorbutic-normal, scorbutic 
with ascorbic acid added-normal, scorbutic-scorbutic with ascorbic acid added, and 
normal-normal with ascorbic acid added. 
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ascorbic acid (Columns 4 and 5). The differences are statistically sig- 
nificant for kidney and doubtful for brain. Liver showed a decrease 
of doubtful statistical significance. 


DISCUSSION 


The oxidation of fatty acid and lipides in vitro proceeds spontaneously in 
the presence of oxygen and is catalyzed by ascorbic acid and hemoglobin 
(3-5, 8), and in the organism it is not unlikely that these same factors may 
have an influence on the oxidation of fatty acid, whether free, part of the 
phospholipide molecule, or combined with protein. That ascorbic acid 
plays an important part in the oxidation of linolenic acid in tissues is indi- 
cated by the present study in which certain scorbutic tissues exhibited g 
deficient oxidation im vitro which could be corrected by the addition of 
ascorbic acid. The deficiency may well be greater than the results suggest, 
since hemoglobin present in the tissue suspensions would also catalyze the 
oxidation. Accordingly, it appears probable that the oxidation of linolenic, 
and possibly other closely related acids, is considerably retarded in certain 
tissues of the scorbutic animal. 

The results also suggest a possible method for measuring the ascorbic acid 
saturation of individual tissues with respect to linolenic acid oxidation. If 
addition of ascorbic acid to a tissue does not increase the amount of oxida- 
tion, the tissue may be said to be saturated. If there is an increase, then 
the amount of ascorbic acid required to give a maximal value might be used 
as a measure of the deficiency. On this criterion certain tissues of guinea 
pigs receiving 5 mg. of ascorbic acid per day are not saturated, while liver, 
spleen, and heart, on the other hand, may show maximal values even in 
scorbutic animals (Table I). 

The thiobarbituric acid test may provide a means of measuring the 
linolenic acid content of tissues. The reagent gives a measurable color 
with as little as 1 y of pure methyl linolenate.!. On the basis of the color 
reaction, 100 mg. of normal guinea pig brain, a tissue with a high content, 
would contain only about 50 y. It is possible that the failure to find 
linolenic acid in various animal tissues may be due to the insensitivity of 
the previous methods used. 

For certain of the results listed in Table I, no satisfactory explanation is 
apparent. This applies to the inhibitory action of added ascorbic acid on 
normal liver and scorbutic spleen. Also, values for various parts of the 
brain were much lower than expected on the basis of analyses of whole brain. 


The author appreciates the helpful suggestions of Dr. Frederick Bern- 
heim and Dr. Karl Wilbur and the aid of Dr. W. L. Deemer, Jr., with 
statistical procedures. 
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SUMMARY 


1. The oxidation of unsaturated fatty acid was measured by the thio- 
barbituric acid color reaction in normal and scorbutic guinea pig tissues 
which were incubated with and without added ascorbic acid. In tissues 
from normal guinea pigs oxidation was greatest in brain, nerve, and testis, 
followed by medulla oblongata, adrenal, kidney, fat, liver, and spleen, with 
very low values for heart and olfactory bulbs. 

2. In tissues from scorbutic guinea pigs oxidation was decreased in brain, 
testis, medulla oblongata, adrenal, and kidney, whereas oxidation in liver, 
spleen, and heart was not significantly different from normal. The sub- 
normal oxidation of scorbutic tissues was corrected by the addition of 
ascorbic acid in vitro. 

3. The addition of ascorbic acid to tissues of normal animals increased 
oxidation in some, gave no change in others, and caused a decrease in liver. 

4, A method for estimating the ascorbic acid saturation for fatty acid 
oxidation in individual tissues is suggested and consists of a determination 
of the amount of ascorbic acid required to give maximal oxidation on 
incubation, as indicated by the thiobarbituric acid color reaction. 
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MAMMALIAN TYROSINASE: PREPARATION 
AND PROPERTIES* 
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CALKINS,§ anp WILLIAM H. SUMMERSON 


(From the Biochemistry Section, Medical Division, Army Chemical Center, Maryland) 


(Received for publication, November 3, 1948) 


The enzyme tyrosinase, which catalyzes the aerobic oxidation of tyrosine 
to produce the pigment melanin, is found widely distributed in nature. 
Much has been reported (1, 2) on tyrosinase obtained from plant, insect, 
and marine animal sources, but relatively little is known concerning mam- 
malian tyrosinase. Some years ago, Bloch and his coworkers proposed, 
on the basis of histochemical evidence, that melanin formation in mamma- 
lian skin was attributable to the presence of a specific enzyme whose sub- 
strate was not tyrosine but dihydroxyphenyl-L-alanine (dopa) (3). This 
enzyme was given the name “dopa oxidase.” Largely as the result of this 
work, which has been amply confirmed, the concept has arisen that the 
primary amino acid precursor of mammalian melanin is not tyrosine but 
dopa, and there has even been some question as to the actual existence of a 
mammalian tyrosinase, although it is generally agreed that the enzyme from 
other sources is a true tyrosinase. 

In 1903 Gessard (4) found that extracts from a horse melanoma were 
able to catalyze.the conversion of tyrosine to melanin. This was confirmed 
by de Coulon in 1920 (5). In 1907 Alsberg (6) prepared an extract from a 
human melanoma which could catalyze the formation of black pigment 
from catechol and possibly from tyrosine. In the following year Neuberg 
(7) showed that dilute extracts from a human melanoma accelerated pig- 
ment formation from tyramine and adrenalin but not from tyrosine. 
Recently Hogeboom and Adams (8) demonstrated that extracts from the 
Harding-Passey mouse melanoma possess both tyrosinase and dopa oxi- 
dase activity. They reported the separation of these two activities by 
ammonium sulfate precipitation. Similar results were reported by Green- 


* Part of the material in this paper was presented at the meeting of the Feder- 
ation of American Societies for Experimental Biology at Atlantic City, March, 1948 
(Federation Proc., 7, 167 (1948)). 

+ Present address, Department of Biochemistry, Western Reserve University 
School of Medicine, Cleveland, Ohio. 

t Present address, Department of Dermatology, Mayo Clinic, Rochester, Min- 
nhesota. 


§ Present address, Department of Internal Medicine, Johns Hopkins Hospital, 
Baltimore, Maryland. 
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stein and Algire (9). In addition, Greenstein ef al. (10) found that extracts 
from a human melanoma show both tyrosinase and dopa oxidase activity, 

The work reported here indicates that the enzymatic activity concerned 
in the oxidation of both tyrosine and dopa to melanin by extracts from the 
Harding-Passey mouse melanoma is associated with cell particles and is, 
therefore, not susceptible to separation by the common methods for frae- 
tionating mixtures of proteins. It is also shown that under certain con- 
ditions no true distinction can be made between tyrosinase and dopa 
oxidase activity in the mammalian tissue preparations used, thus militating 
against the possibility that these two activities can be ascribed to separate 
enzymes. In addition, it is shown that dopa is an intermediate in the 
oxidation of tyrosine by mammalian tyrosinase. 


EXPERIMENTAL 


Extracts from the Harding-Passey mouse melanoma, prepared as de- 
scribed below, were subjected to various fractionation procedures at 5° 
unless otherwise specified. Tyrosinase and dopa oxidase activities of the 
fractions were determined manometrically by measurement of the oxygen 
uptake in the Warburg apparatus at 38° with 0.1 Mm potassium phosphate 
buffer at pH 6.8. Autoxidation of dopa is negligible at this pH for the 
time intervals of the experiments. The substrates L-tyrosine (Himer 
and Amend) and dihydroxyphenyl-t-alanine (Hoffmann-La Roche) were 
added from the side arms of the Warburg vessels to the enzyme prepara- 
tions after 10 minutes equilibration at 38°. Enzymatic activity is expressed 
in units as proposed by Hogeboom and Adams (8); viz., 1 activity unit is 
the amount of enzyme required to catalyze the absorption of 1 microliter of 
oxygen per minute by 1 mg. of appropriate substrate when oxidation is 
proceeding at a maximal rate. In general 2.5 to 4.5 units of enzyme were 
used per Warburg vessel containing 3 ml. of reaction mixture. 

The definition of an enzyme unit as given above requires some explana- 
tion in the case of tyrosinase activity. It is well known that in the oxida- 
tion of tyrosine by tyrosinase there is usually a variable time interval (the 
“induction period’’) before oxygen uptake reaches a maximal rate. Caleu- 
lations of tyrosinase activity in units are, therefore, based upon rates dur- 
ing the time of active oxidation rather than over-all time. 

Ammonium Sulfate Fractionation—Fractionation with ammonium sulfate 
was attempted as described by Hogeboom and Adams (8). In a typical 
experiment, 18.5 gm. of melanoma tissue were ground with sand and 
Ringer’s solution for 10 minutes, followed by centrifugation at 1500 R.P.M. 
for 5 minutes to remove sand and cellular débris. The supernatant fluid 
contained 790 units of tyrosinase and 790 units of dopa oxidase activity. 
This was then centrifuged at 20,000 r.p.m. for 10 minutes, and the precipi- 
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tate discarded. ‘The supernatant fluid at this point contained respectively 
210 and 230 units of tyrosinase and dopa oxidase activity. On treatment 
with ammonium sulfate solution to one-third saturation, the precipitate so 
obtained contained 70 units of tyrosinase and 95 units of dopa oxidase 
activity. The supernatant fluid was then brought to two-thirds saturation 
with ammonium sulfate. The resulting precipitate contained no apparent 


tyrosinase activity, 110 units of dopa oxidase activity, and the supernatant 
fluid was inactive. 
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Fic. 1. Tyrosinase and dopa oxidase activity of tumor fraction not precipitated 


by one-third saturated ammonium sulfate, but precipitated by two-thirds satu- 
rated ammonium sulfate. pH 6.8 and 38°. 


Hogeboom and Adams stated that their crude tumor extract possessed 
much greater dopa oxidase activity than tyrosinase activity, and that they 
were able to separate tyrosinase from dopa oxidase by precipitation at one- 
third and two-thirds saturation respectively with ammonium sulfate. In 
our experiments equal tyrosinase and dopa oxidase activities were found in 
both the crude tumor extract and in the fraction precipitated by one-third 
saturation with ammonium sulfate, and this latter fraction contained as 
much dopa oxidase activity as was found in the precipitate from two-thirds 
saturation with ammonium sulfate. In preliminary experiments it ap- 
peared that the fraction insoluble in two-thirds saturated ammonium sul- 
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fate solution did not have any tyrosinase activity. However, when small 
amounts of dopa were added to the tyrosine-enzyme reaction mixture, 
oxidation of tyrosine followed, as shown in Fig. 1. This finding is discussed 
in greater detail below. 

Ethanol Fractionation—Since the ammonium sulfate fractionation did 
not yield a preparation possessing only tyrosinase or dopa oxidase activity, 
ethanol precipitation at —5° was tried (11). The alcohol concentration 


TABLE I 
Fractionation of Melanoma Extract by Differential Centrifugation 


40.5 gm. of melanoma ground with sand and alkaline saline, centrifuged at 1500 
R.P.M. for § minutes and again for 10 minutes; the residue discarded in each case, 
to obtain supernatant solution So. 





Fraction | Enzyme content Induction period | Nitrogen content 
eeteennninectntes | aerenetret 7 om = ies ss ‘amenmanen ; Science eam 
| mY po hong oN total units min. per cent 
1.0 | 4350 130 8.4 


Solution So 


Solution S» centrifuged at 2500 r.p.m. for 20 min. 








Solution 8; 1 eR 2960 156 9.2 
Ppt. Pi | 2 670 068 9.1 


Solution 8; centrifuged at 20,000 r.p.m. for 10 min. 





Solution S. 1.3 1960 160 9.1 
Ppt. Ps 0.7 810 | 102 | 9.9 





Solution & centrifuged at 20,000 r.p.m. for 90 min. 





Solution 8; 1.0 | 690 190 10.0 
Ppt. Ps | 1.2 | 490 115 | 8.2 


u 





Solution S; centrifuged at 20,000 r.p.m. for 150 min. 





Solution S, | 0.6 | 200 300 | 
Ppt. Ps | 1.2 140 200 | 10.5 


was varied from 0 to 40 per cent and the pH from 4.7 to 8.0. No fractiona- 
tion could be obtained, since enzymatic activity was present in all the 
precipitates. 

Differential High Speed Centrifugation—This was carried out on the 
crude tumor mince, in general by use of alkaline saline solution as de- 
scribed by Claude (12). Similar results were obtained with distilled 
water. The results of a typical centrifugation procedure are given i 
Table I, where enzymatic activity is expressed in terms of units as pre 


viously defined with 1 mg. of dopa as the substrate. The induction | 
period is defined as the intercept on the time axis of an extension of the | 
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slope of the oxidation rate curve when oxidation is proceeding maximally, 
and was determined with 1 mg. of tyrosine as the substrate and 3.2 en- 
zyme units of each of the various fractions. All the fractions were di- 
alyzed twice against 100 times their volume of cold distilled water for 
48 hours before use. 

It can be seen from Table I that, after centrifugation of the tumor 
extract for 20 minutes at 2500 r.p.m. and then for 10 minutes at 20,000 
r.P.M., the supernatant fractions contained more total activity and more 
activity per mg. of dry weight than did the precipitates. However, after 
further centrifugation, the precipitates were more active on a dry weight 
basis. The supernatant fluid remaining after 150 minutes centrifugation 
at 20,000 r.p.M. possessed less than 5 per cent of the original total activ- 
ity of the crude preparation; after 4 hours at this speed, the supernatant 
fluid was entirely inactive. 

After centrifugation of the various fractions, the precipitates usually 
showed a shorter induction period in the oxidation of tyrosine than did 
the supernatant fractions, even when the latter contained more activity. 
There appears to be a factor which concentrates in the precipitate frac- 
tions and which shortens the induction period. This factor does not ap- 
pear to be an enzyme, because it is stable to heat at 100° for 10 minutes 
at pH 6.8, and it is not “free dopa” because it is not removed by di- 
alysis. Further work on the nature of this factor is in progress. 

The nitrogen content of most of our fractions is about 10 percent. This 
is similar to that found by Claude (12) for the cytoplasmic particulate 
material which he called microsomes. 

It is evident from the above results that, although the induction period 
in tyrosine oxidation could be changed by various fractionation procedures, 
none of the methods could be used to concentrate enzymatic activity. 
Therefore, it was decided to use an easily prepared working standard for 
additional studies on the mechanism of enzymatic action. Such prepara- 
tions were made as follows: Fresh mouse melanoma tissue was ground with 
sand and cold distilled water for 10 minutes. The mixture was placed in a 
Waring blendor at 5° for 10 minutes and then centrifuged at 3000 r.p.m. 
for 30 minutes. The black supernatant fluid was dialyzed twice against 
100 times its volume of cold distilled water for 48 hours. The final solution 
had approximately 4 times the volume of the original tumor tissue, and 
corresponds somewhat to Solution Spin Table I. Preparations of this type 
were used in the studies which follow. 

Stability of Enzyme—The enzyme preparations are stable in solution at 
5° for 2 months with no apparent loss of activity. A slight loss of activity 
occurs after 6 hours at 38°. Heating the preparations for 10 minutes at 
70° results in complete inactivation. 

Lyophilization does not alter enzymatic activity. Such dried prepara- 
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tions remain active at room temperature for 1 month, and, when kept 
cold, for as long as, and possibly longer than, 10 months. 

Dialysis against water at 5° has no effect on the enzyme. 

Preparations may be kept in the cold in solutions ranging in pH from 
4.7 to 8.0 for 24 hours, without loss of enzymatic activity when the 
reaction is carried out at pH 6.8. The addition of 0.1 mM acetate buffer at 
pH 4.7 to the enzyme preparation produces a precipitate containing all of 
the active material. 

Plant tyrosinase is inactivated during reactions with various hydroxy- 
phenyl compounds (1). The mammalian tyrosinase studied here does not 





704 


60 5 


505 


30 4 





TEMPERATURE (Degrees C) 


20 9 











Tt 


0 10 20 30 40 50 60 70 
TIME (Minutes) 

Fig. 2. Influence of temperature on the enzymatic oxidation of tyrosine and 
dopa by mouse melanoma extracts at pH 6.8. Curve a, time for 50 per cent 
oxidation of dopa; Curve b, time for 50 per cent oxidation of tyrosine, including 
the induction period; Curve c, induction period alone in the oxidation of tyrosine. 


appear to be similarly inactivated. If dopa is added to a reaction mixture 
which has previously oxidized dopa to melanin, the rate of oxidation is the 
same as that of the original reaction. 

E ffect of Temperature on Reaction Rates—In general, the rate of enzymatic 
oxidation of tyrosine and dopa increases with an increase in temperature 
(Fig. 2). An increase in temperature also shortens the induction period in 
the oxidation of tyrosine. The temperature coefficient for the enzymatic 
oxidation of dopa for the interval 27-37° is 1.2; for 37—-47°, 1.7; and for 


47-57°, 1.8. This variation in the temperature coefficient indicates that the | 
oxidation of dopa to melanin is not a simple reaction, as indeed Evans and | 


Raper have amply demonstrated for plant tyrosinase (13). 
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Effect of pH on Reaction Rates—The optimum pH for the enzymatic 
oxidation of dopa is at about pH 6.8. It is difficult to evaluate the effect 
of pH on the enzymatic oxidation of dopa above pH 7.0 because dopa is 
readily oxidized under these conditions, even in the absence of enzyme. 
At pH 5.0, a marked decrease in the rate of oxidation occurs. 

The induction period in the enzymatic oxidation of tyrosine appears to 
beat a minimum at pH 6.8. At values above and below pH 6.8, the induc- 
tion period increases, becoming prolonged indefinitely above pH 8.5 and 
below pH 5.0. 

Effect of Substrate Concentration on Total Oxygen Uptake—The total 
oxygen uptake during the reaction is directly related to the initial amount 
of tyrosine (or dopa) present. If the amount of substrate is increased 2- 
fold, the total oxygen uptake is likewise increased 2-fold. The total 
amount of oxygen required to oxidize tyrosine and dopa to melanin is 
dificult to determine with great precision. Our results indicate that 
each tyrosine and dopa molecule requires approximately 5 and 4 atoms 
of oxygen respectively for conversion to melanin. 

Induction Period in Tyrosine Oxidation—The concentration of tyrosine 
in the reaction mixture affects the induction period; the higher the tyrosine 
concentration, the longer the induction period. 

Dopa has an opposite and a more dramatic effect on the induction 
period. The higher the dopa concentration, the shorter the induction 
period. This was demonstrated by adding varying amounts of dopa to 
reaction mixtures of tyrosine and enzyme and observing the course of 
oxygen uptake. The results are illustrated in Fig. 3. If the induction 
period is defined as mentioned above, one finds a linear relationship be- 
tween the negative logarithm of the dopa concentration and the induc- 
tion period (Fig. 4). 

Identification of Dopa As an Intermediate in Tyrosine Oxidation by 
Mammalian Tyrosinase—Evans and Raper'(13) have shown that when 
tyrosine is oxidized by plant tyrosinase dopa is an intermediate in the 
reaction. With the use of filter paper chromatography, we were able to 
show that dopa is an intermediate in the mammalian tyrosinase reaction 
also. The procedure of Consden, Gordon, and Martin (14) with phenol- 
water mixtures was used. 

The solutions to be chromatographed were prepared by adding 1 mg. of 
tyrosine to a dialyzed enzyme preparation having an induction period of 
approximately 35 minutes. The reactions were carried out in ordinary 
Warburg vessels at 38° and pH 6.8. Small amounts of the reaction 
mixtures were removed at 0, 15, 30, and 50 minutes for chromatographic 
analyses. At 50 minutes, the oxygen uptake was at a rapid and linear 
tate, and about 50 per cent of the total oxygen absorbed in a completed 
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Fic. 3. The effect of dopa on the induction period in the enzymatic oxidation of 
tyrosine by mouse melanoma preparations at pH 6.8 and 38°. Curve a, 0.5 mg. 
of dopa; Curve b, 0.1 mg. of dopa + 0.4 mg. of tyrosine; Curve c, 0.05 mg. of dopa 
+ 0.45 mg. of tyrosine; Curve d, 0.01 mg. of dopa + 0.49 mg. of tyrosine; Curve 
e,0.001 mg. of dopa + 0.50 mg. of tyrosine; Curve f, 0.50 mg. of tyrosine. 
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reaction had already been consumed. 0.02 ml. of the reaction mixtures 
and suitable controls of tyrosine and dopa were run in the usual manner 
on individual strips of filter paper (Whatman No. 1) 1.3 cm. in width. 
After the chromatogram had been allowed to develop for 5 hours at 
room temperature, the filter paper strips were dried and sprayed with 
ninhydrin solution. Ninhydrin gives a red color with tyrosine and a 
reddish brown color with dopa. 

With the control solutions, tyrosine was found to concentrate at 9 to 10 
em. from the starting point and dopa at 5 to 7 cm. No dopa could be 
detected in the 0, 15, and 30 minute specimens. The chromatogram from 
the 50 minute sample had a definite reddish brown spot at 5 to 7 em. from 
the starting point, and it seemed to be identical in position and color (but 
less intense) with the dopa controls. Unchanged tyrosine was evidenced 
by a typical red spot 2 to 3 cm. further along the filter paper strip. 


DISCUSSION 


In the past mammalian tyrosinase and dopa oxidase have been con- 
sidered to be distinct enzymes. The work reported here indicates that 
there is no necessity for postulating the presence of separate enzymes for 
these two activities. Preparations from the Harding-Passey mouse mela- 
noma catalyze the oxidation of both tyrosine and dopa to melanin. Dopa, 
in addition to being oxidized to melanin, serves to diminish the induction 
period in the enzymatic oxidation of tyrosine. We were not able to 
separate tyrosinase and dopa oxidase activity, although it was possible to 
prepare fractions with long induction periods in the oxidation of tyro- 
sine. Such fractions appear superficially to be free from tyrosinase ac- 
tivity; however, it was invariably possible to demonstrate that these 
fractions catalyze the oxidation of tyrosine rapidly and completely in the 
presence of small amounts of added dopa. For these reasons it is rec- 
ommended that the separate terms tyrosinase and dopa oxidase be aban- 
doned in favor of the single term tyrosinase to describe the enzyme (or 


, elgyme complex) involved in the oxidation of both tyrosine and dopa to 





melanin. This concept is illustrated diagrammatically as follows: 
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Differential centrifugation of extracts from the Harding-Passey mouse 
melanoma indicates that tyrosinase activity is associated with cellular 
fragments. Claude (12, 15) has shown that nuclei and mitochondria of 
cells from several different tissues can be removed as precipitates from 
tissue extracts by centrifugation at low speeds for 20 minutes and then at 
high speeds for 10 minutes. Prolonged centrifugation will separate small 
cytoplasmic particles known as microsomes. From our centrifugation 
data alone, it appears that the enzymatically active particles of our 
preparation are microsomes or particles the size of microsomes which 
were formerly parts of larger aggregates that were dispersed during the 
experiments. 

At present little is definitely known concerning the non-dialyzable, heat- 
stable substance in the crude tumor extracts that shortens the induction 
period in the oxidation of tyrosine. The possibility that this substance is 
dopa bound in a polypeptide chain should be considered. 

There are many similarities between tyrosinase from plant and mam- 
malian sources. Enzyme preparations from both sources catalyze the 
oxidation of both tyrosine and dopa to melanin, and dopa shortens the 


induction period in the tyrosine-tyrosinase reaction. Dopa is formed by | 


both types of enzymes when tyrosine is oxidized. Much work has been 


done to determine whether or not plant tyrosinase is one enzyme ora | 


mixture of several enzymes. The comprehensive work of Dawson and 
Mallette (16) indicates that all known properties of potato enzyme prepa- 
rations may be explained in terms of a single entity. As stated previ- 
ously, the work reported here shows that no distinction can be made 
between mammalian tyrosinase and dopa oxidase. 

Plant and mammalian tyrosinases differ in some respects. Mammalian 
tyrosinase is associated with the particulate matter of cells and plant 











tyrosinase is not. Mammalian tyrosinase does not appear to be as readily | 


inactivated during the course of a reaction as does plant tyrosinase. No | 


quantitative relation has been found between the concentration of dopa 


and the induction period in the plant tyrosinase-tyrosine reaction, buta } 


definite relation between the negative logarithm of the dopa concentration | 


and the induction period exists in the mammalian tyrosinase-tyrosine 
reaction. 


SUMMARY 


1. The preparation and properties of mammalian tyrosinase from the 
Harding-Passey mouse melanoma are presented. It is shown that the 
enzymatic activity is associated with cytoplasmic particles and is not in 
true solution, at least in the type of tissue extracts ordinarily prepared. 

2. The enzymatic activities of these preparations against tyrosine and 








— 


er F™* wee eo Oh R.DUlUCUMOS UCU! 





1eat- 
tion 
ce is 


nam- 
» the 
s the 
d by 
been 
or a 
1 and 
repa- 
previ- 
made 


nalian 
plant 
eadily 
No 

| dopa 
but a 
tration 
rrosine 


ym the 
at. the 
not in 
epared. 
ne and 





) 





LERNER, FITZPATRICK, CALKINS, AND SUMMERSON 195 


dihydroxyphenyl-L-alanine (dopa) as substrates were studied. For the 
mammalian enzyme, it is shown that the prevalent distinction between 
tyrosinase and dopa oxidase is not valid under certain experimental condi- 
tions. It is recommended, therefore, that the term tyrosinase be used for 
this enzymatic activity instead of the separate terms tyrosinase and dopa 
oxidase. 

3. Dopa shortens the induction period in the enzymatic oxidation of 
tyrosine. A quantitative relationship exists between the dopa concen- 
tration and the induction period. 


4. Dopa is formed during the mammalian tyrosinase-tyrosine reaction. 
This was demonstrated by means of filter paper chromatography. 
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RATE OF EXCRETION OF RADIOACTIVE SULFUR AND ITS 
CONCENTRATION IN SOME TISSUES OF THE RAT 
AFTER INTRAPERITONEAL ADMINISTRATION 
OF LABELED SODIUM SULFATE 


By DOMINIC D. DZIEWIATKOWSKI* 
Wir THE ASSISTANCE OF JOSEPH DWEK 

(From the Department of Biochemistry, School of Hygiene and Public Health, 
The Johns Hopkins University, Baltimore) 


(Received for publication, November 15, 1948) 


A study of the distribution of S* in the rat, 14 to 16 hours after the in- 
traperitoneal administration of sodium sulfate, labeled with S*, has been 
reported by Singher and Marinelli (1). Of particular interest is their 
observation that the highest concentration of the radioactive sulfur was 
found in the bone marrow. This observation stimulated us to deter- 
mine the change with time in the concentration of S*, given as labeled 
sodium sulfate, in the bone marrow of the rat and to relate this changing 
concentration with the concentration in other tissues, particularly the 
blood. 

Only a brief report (2) was found in the literature on the excretion in 
urine of S* ingested as sodium sulfate. The rate of excretion of S* in the 
urine and feces of rats after intraperitoneal injection of labeled sodium 
sulfate was, therefore, also determined. 


tXPERIMENTAL 


Adult rats, 180 to 330 gm. in weight, from the colony of Professor E. V. 
McCollum, were each given 1 mg. of sodium sulfate (in 1 ml. of distilled 
water), labeled with radioactive sulfur (S*),! by intraperitoneal injection. 
They were then placed in individual metabolism cages, with food and water, 
to allow for the separate collection of urine and feces. The cages had been 
so designed by Professor McCollum and his coworkers that there was a 
minimum of food spillage, and therefore contamination, of urine and 
feces with food. The rats were sacrificed at intervals of time, as fol- 
lows: A rat was anesthetized in an ether jar. The heart was exposed 
and as much blood as possible was withdrawn directly from the heart 

*Present address, The Rockefeller Institute for Medical Research, 66th Street 
and York Avenue, New York 21. 


‘The S* used in this investigation was supplied by the Clinton Laboratories, 


Monsanto Chemical Company, and obtained on allocation from the United States 
Atomic Energy Commission. 


197 








198 EXCRETION OF s*® 


with a hypodermic needle and syringe. A portion of the liver and the 
brain were then removed and placed in small vials, Weighed samples 
of these tissues, the feces collected in the time the rat sojourned in the 
metabolism cage, and 1 ml. of the blood were placed in separate nickel 
crucibles, each of which contained 2 ml. of 10 per cent sodium hydroxide 
and 4 gm. of anhydrous sodium carbonate. The crucibles were placed in 
a drying oven at 110—120° until dry. The dry material in each crucible 
was oxidized with sodium peroxide according to Bailey (3). 

The humeri, femurs, and tibiae were freed of muscle and periosteum, 
The epiphysis of each bone was cut off at its junction with the diaphysis., 
The diaphysis of each bone was then freed of its marrow by pushing the 
latter out with a stainless steel wire. This marrow was placed immedi- 
ately in a small screw cap vial and weighed. The residual marrow in the 
bone was wiped out by pushing through a small plug of moist cotton re- 
peatedly until no further marrow was in evidence. Asa check, each bone 
was split and carefully examined. It was further cleaned, if necessary, 
by wiping with moist cotton. The bone shafts were combined and pow- 
dered in a stainless steel mortar with a stainless steel pestle. A weighed 
portion of the powdered bone was oxidized with Benedict-Denis rea- 
gent (4). 

The weighed bone marrow was extracted 3 times with at least 10 
times its weight of 5 per cent trichloroacetic acid in a centrifuge tube. 
The combined extracts and the residue were each neutralized with 10 
per cent sodium hydroxide, with phenolphthalein as an indicator, and 
then oxidized with Benedict-Denis reagent (4). 

The urine excreted by each rat was combined with the washings of the 
metabolism cage and diluted to a volume of 100 ml. The total sulfur in 
aliquots of the urine was oxidized to sulfate according to Denis (4). 

Before precipitation of sulfate from any sample as barium sulfate, 5 ml. 
of 0.05 nN sodium sulfate solution were added to each sample so as to 
bring the final weight of barium sulfate to about 30 mg. Precipitation 
of barium sulfate was allowed to proceed for 16 to 20 hours at room 
temperature. 

All barium sulfate samples were isolated by centrifugation and, after 
washing with distilled water in the centrifuge tubes, transferred to 
counting cups as slurries in 70 per cent ethanol as previously des- 
cribed (5). 

The activity of each sample was determined with mica end window (28 
mg. per sq. cm.) Geiger-Miiller tube (Victoreen) and a Cyclotron Specialties 
scaler. At least two separate determinations of the activity of each sample 
were made for a sufficiently long period of time to obtain a precision of 
about 2 per cent. All values were corrected for decay and self-absorption. 





Of 
femal 
from | 
anima 
48, 72 

Fig. 


urine 


Fig, | 
toneal iz 


| ity inje 
Borsook 
24 hou 
al. inge 
Us recei 
This dif 

| ence in 
€ inta 
man sul 





D. D. DZIEWIATKOWSKI 199 


RESULTS AND DISCUSSION 


Of the twenty-seven rats used, fourteen were males and thirteen were 
| females. The points given in Figs. 1 to 3 are average values, calculated 
. from results on four animals at 4 hours, three animals at 8 hours, four 
, animals at 16 hours, eight animals at 24 hours, and two animals each at 
» 48, 72, 96, and 120 hours. 

Fig. 1 shows the rate at which the S* was found to be excreted in the 
‘ urine and feces of the rats. Approximately 67 per cent of the activ- 
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arrives at an intake of approximately 9.8 to 19.7 mg. of sodium sulfat 
per kilo as compared to approximately 4 mg. per kilo by the rats. This 
difference in intake might also be considered as a possible explanation 
for the difference in amount of S*® found excreted in the urine within 
24 hours. One should, however, consider in addition a possible speci 
difference as regards rate of sulfate excretion. 

By the end of the 120th hour after the administration of the labeled 
sodium sulfate, the activity of S* recovered in the urine accounted for 


approximately 85 per cent of the activity given. Approximately 95 
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Fic. 2. Retention of S* in the blood, liver, and brain by adult rats after in- 
traperitoneal injection of labeled sodium sulfate. 


per cent of the S* is accounted for at the end of 120 hours if the ac- 
tivities found in the urine and feces are added. 

In Fig. 2 are presented curves showing the change in concentration of 
S* with time in the blood, liver, and brain. From these curves it 
would seem that sulfate sulfur as such, when it enters the circulation 
or the liverin a normal rat, is rapidly eliminated from these tissues. | 
Whether the brain is similar in this respect or whether it slowly ac 
cumulates S*® presented to it as sulfate sulfur is difficult to say without 
extending the number of observations reported here. In any case, the 
concentration of S* in theliver and blood appeared to have reached 4 
similar concentration at about the 48th hour after the injection of the 
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Fic. 3. Retention of S* in the bone and bone marrow by adult rats after in- 
traperitoneal injection of labeled sodium sulfate. 


TABLE I 
Extent of S* Removal from Rat Bone Marrow by 3-Fold Extraction with5 Per Cent 
Solution of Trichloroacetic Acid 
A male rat, 355 gm. in weight, was used 24 hours after the intraperitoneal ad- 
ministration of 1 mg. of sodium sulfate, containing S*® (15.4 « 108 counts per 


minute). The values for activity are corrected for radioactive decay and self- 
absorption. 











Sample 
counts per min. per gm. 
Ist three trichloroacetic acid extracts combined.............. 4960 
4th trichloroacetic acid extract............0..eee cee ceeeeeeee 0-10 
Three alcohol-ether (1:3) extracts combined............. oe 64 
SR ere ae tet we See al, 793 





labeled sulfate. A similarity in the concentration of S® in the brain 
and blood, from the observations thus far made, was more slowly at- 
tained; a similar concentration was reached at about the 72nd hour. 

In contrast to the rapid fall of the S* concentration in blood and 
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liver, after intraperitoneal injection of labeled sodium sulfate, is the 
pronounced rise in the concentration of S* found in bone and bone 


marrow (Fig. 3). The highest concentration in the bone was observed. 


at about the 8th hour, that in the bone marrow at about the 24th 
hour after injection of the labeled sodium sulfate. The subsequent 
drop in the S* concentration in these tissues is also less rapid, par- 
ticularly in the bone marrow. Even at the end of 120 hours, on a 
weight basis, the S*®* concentration is about 2 times as high in the 
bone and nearly 12 times as high in the bone marrow as in the blood. 
The observations confirm the report of Singher and Marinelli (1) that 
the concentration of S*, after administration of labeled sodium sul- 
fate, is higher in bone marrow than that found in most of the 
other tissues of the rat. The major portion of the activity found 
in the bone marrow is in a compound or compounds which are sol- 
uble in a 5 per cent solution of trichloroacetic acid. That a 3-fold ex- 
traction of bone marrow with a 5 per cent solution of trichloroacetic 
acid, as employed, was effective in removing all or nearly all of the 
S*-containing material, which was soluble in this solution, is indicated 
in Table I. Further work on the characterization of the materials con- 
taining S* in the various fractions listed in Table I is contemplated. 


SUMMARY 


The excretion by rats in urine and feces of S®*® given in the form of 
sodium sulfate appears to be rapid. Excretion by these routes ac- 
counts for the major portion of the S*® given. By the end of the 
120th hour approximately 95 per cent was found to have been elimi- 
nated by these routes. 

In the period of 120 hours the concentration of S*® in the blood, 
liver, and brain was found to have fallen to relatively low levels. A 
similar concentration of S* in the blood and liver was attained by 
the 48th hour, in the blood and brain by the 72nd hour. 

In contrast to the rapid fall observed in the liver and blood, the 
concentration of the S* was found to increase until about the 8th 
hour in bone and until about the 24th hour in bone marrow. The 
subsequent fall in theS®* concentration of the bone and bone marrow 
was also slower than that in blood, liver, and brain. 
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ULTRACENTRIFUGATION OF HYPOPHYSEAL GROWTH 
HORMONE* 


By CHOH HAO LI anp M. MOSKOWITZ 


(From the Institute of Experimental Biology, and the Department of Chemistry, 
University of California, Berkeley) 


(Received publication, October 13, 1948) 


The isolation of the growth hormone from ox pituitaries has recently 
been described (1). It was found that the preparation behaves as a single 


component in diffusion, electrophoresis, and solubility experiments (1, 2). 


> - 


For further characterization of the hormone ultracentrifugal experiments 
have been made and the results are reported here. 





ta et el ed 


| 
| 
| 





Fia. 1. The Svensson sehlieren patterns of hypophyseal growth hormone, taken 
at 1920 second intervals during sedimentation at 165,000 X g in an ultracentrifuge. 


Sedimentation velocity was measured in a Spinco ultracentrifuge! op- 
erating at 165,000  g. The hormone solutions (0.5 per cent) were pre- 
pared with borate buffer of pH 9.7 or saline at pH 9.1. Table I presents 
atypical run in a borate buffer; the sedimentation velocity constant was 
caleulated by the procedure described by Svedberg and Pedersen (3). It 
may be noted that the individual values of so calculated at 1920 second 
intervals agree to within 3 per cent. The Svensson schlieren diagrams 
shown in Fig. 1 indicate that the hormone is essentially monodisperse. 
As shown in Table I], the average sedimentation constant, corrected as 


* Aided by grants from the American Cancer Society through the Committee on 
Growth of the National Research Couneil, the United States Public Health Service, 
contract No. RG-409, and the Research Board of the University of California, 
Berkeley, California. 

' Manufactured by the Specialized Instruments Corporation, Belmont, California. 


We wish to thank Dr. M. Calvin for his kindness in putting the instrument at our dis- 
posal, 
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if occurring in pure water at 20°, from three experiments in two different 


solvents, was so» = 3.1 & 10°" em. per second per unit field. " 
From the sedimentation constant, so, and the diffusion constant, ), the 

; oa aes was 

molecular weight, 17, may be calculated by the familiar equation, J/ = waa 


TABLE I The 


Calculation of Sedimentation Constant of Growth Hormone 


Protein concentration, 5.0 mg. per ce.; time intervals between exposures, 1920 


seconds; temperature, 27.1°; solvent, borate buffer, pH 9.7. i. 
2. 1 
Observation No Ar Xm xw? (1077 5 xX 10 3.8 
4, I 
2 0.113 6.01 16.0 o.¢ 
3 0.110 6.12 16.3 3.5 
| 0.119 6.24 16.6 3 a | 
5 0.114 6.35 17.0 Ke 


ie eo KX 10 S46. = 8, X 0. 30= 3:1 x 10. 


TABLE II 
Sedimentation Constant of Growth Hormone Sclutions 


Protein concentration, 5.0 mg. per ce. 


Experiment No. Solvent Temperature s X 10! 1 
a 2 
I] Borate buffer, pH 9.7 2/.1 3.6 3.1 
II ci = gta | Ye 24.6 3.5 = ee 
lV Saline, pH 9.1 28.2 3.6 3.0 
Average aaa c 3 
TaBLe ITI 
Molecular Weight of Growth Hormone by Different Methods* 
Method Mol 
Osmotic pressures 14, 250 
Minimum by analysis 17 300 
Diffusion-viscosity 39 300 
Ultracentrifugation 14.000 


* For other values, see Li (4). 


RTs/ D(1—Vo), where R isthe gas constant, 7’ the absolute temperature, | 
the partial specifie volume, and p the density of the solvent. Using the 
varlier determinations of D and V (2), we have computed the molecular 
weight of the growth hormone to be 44,000, which is in fair agreement \ ith 
that obtained by other methods (Table IIT). 


ith 
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SUMMARY 


The anterior hypophyseal growth hormone isolated from ox pituitaries 
was found to be essentially monodisperse in the ultracentrifuge and had a 
sedimentation constant, 8s. = 3.1 X 10-" cm. per second per unit field. 
The molecular weight was calculated to be 44,000. 
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THE USE OF AMINIZED AND PHOSPHORYLATED COTTON 
FABRICS AS ION EXCHANGE MATERIALS IN THE 
PREPARATION OF OIL SEED PROTEINS 


By CARROLL L. HOFFPAUIR ann JOHN D. GUTHRIE 


(From the Southern Regional Research Laboratory,* New Orleans) 
(Received for publication, October 28, 1948) 


Protein from oil seed meal is usually prepared by dispersing the protein 
at a pH more basic than its isoelectric point, separating the undispersed 
material, and precipitating the protein by lowering the pH to about the iso- 
electric point. The increase in pH is ordinarily accomplished by addition 
of base to the meal suspension, while lowering of the pH is effected by addi- 
tion of acid, frequently sulfurous acid, or by the “‘self-souring process” in 
which acid is produced by microorganisms. The work to be reported 
shows that the required shifts in pH may be accomplished by use of ion 
exchange materials and that ion exchange materials prepared from cotton 
fabric are particularly convenient for this purpose. Protein preparations 


made in this way are low in ash and phosphorus content because of removal 
of ions in the process. 


EXPERIMENTAL 


Most of the experiments were made on peanut meal produced by ex- 
tracting ground, red skin, Spanish type peanut kernels with commercial 
pentane in a large Soxhlet extractor. A few were made on solvent-ex- 
tracted cottonseed meal prepared by a process which removes most of the 
pigment glands (1). Another starting material was a sample of crude 
peanut protein that had been prepared from solvent-extracted meal from 
red skin peanuts as previously described (2). It contained 16.65 per cent 
nitrogen, 1.71 per cent ash, and 0.53 per cent phosphorus on the dry weight 
basis. 

The anion exchange materials used to increase the pH of the meal 
suspensions were aminized cotton fabric! (3), Amberlite IR-4-B, and De- 
Acidite.2 They were regenerated by treatment with 5 per cent sodium 
hydroxide solution for 10 minutes. The excess alkali was removed by 


* One of the laboratories of the Bureau of Agricultural and Industrial Chemistry, 
Agricultural Research Administration, United States Department of Agriculture. 

1 This material may be prepared by wetting cotton fabric with a solution contain- 
ing 25 per cent sodium hydroxide, 10 per cent 2-aminoethylsulfuric acid, and 65 per 
cent water, heating in a drying oven for 40 minutes at 100°, and washing thoroughly. 

* The mention of trade products does not imply that they are endorsed or recom- 
mended by the Department of Agriculture over similar products not mentioned. 
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washing with successive portions of distilled water, allowing each portion to 
remain in contact with the exchange material for several minutes. This 
washing was continued until the pH of the wash water was less than 6.0. 
The cation exchange material used to reduce the pH of the protein 
dispersions in most of the experiments was phosphorylated cotton fabric! 
prepared by the urea-phosphoric acid method (4). Its use as an ion ex- 
change material has been previously investigated (5). Amberite IR-100 
and Zeo-Karb H were also used, but it was necessary to pack these in a 
suitable length of Visking casing. Owing to the enclosure in this mem- 
brane, about 40 hours with mechanical stirring or 4 to 5 days without 
stirring were required to effect the necessary pH change, while with phos- 
phorylated cloth placed directly in the dispersion the maximum effect was 
obtained in about 20 minutes. The materials were regenerated by treating 
them with 5 per cent hydrochloric acid solution for 10 minutes, and washing 
repeatedly with distilled water until the pH of the washings was above 
3.0. The complete removal of excess acid was further verified by de- 
velopment of a pink color on addition of a drop of phenolphthalein indicator 
and a drop of 0.1 N sodium hydroxide solution to 50 ml. of the wash water. 
In a typical experiment, 100 gm. of solvent-extracted peanut meal were 
suspended in 900 ml. of water with mechanical stirring. The pH of the 
suspension was 6.60. A piece of regenerated aminized cotton fabric (0.41 
per cent nitrogen), weighing 18 gm., was added and mechanical stirring 
continued for 20 minutes, at which time the pH had increased to a con- 
stant value of 6.95. The fabric was freed of as much of the suspension 
as possible and replaced with a 20 gm. piece of fabric. After stirring 
for 20 minutes the pH had risen to 7.48, when the material was replaced 
with an 18 gm. piece of fabric which raised the pH to 7.80. After the 
last piece of fabric was removed, the meal suspension was centrifuged 
and the supernatant liquid filtered. The filtrate was then treated with 
successive pieces of phosphorylated cotton fabric (4.6 per cent phos- 
phorus) while stirring until the pH was reduced to 4.5. As each piece of 
fabric was removed from the protein dispersion, it was squeezed and then 
rinsed in water to remove as much of the adhering protein as possible. 
A total of 25 gm. (five 5 gm. pieces) of phosphorylated fabric was re- 
quired. After the last piece of fabric had been removed, the precipitated 
protein was separated by centrifugation, washed once with water, twice 
with ethanol, and dried in a vacuum oven at 40°. The yield of protein 
with the fabrics was 29 per cent of the weight of the meal, while a 


’ This material may be prepared by wetting cotton fabric with a solution con- 
taining 49.6 per cent urea, 18.4 per cent phosphoric acid, and 32 per cent water, squeez- 
ing out the excess solution, heating the fabric for 30 minutes at 150°, and washing 
thoroughly. 
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control preparation made with sodium hydroxide and sulfur dioxide 
yielded 32 per cent. 

The dispersion of protein from cottonseed meal requires a considerably 
higher pH than does that from peanut meal. The highest pH obtainable 
with cottonseed meal suspensions was 9.0 with aminized cotton fabric. 
Consequently, in preparing protein from cottonseed meal, the residue from 
the treatment with aminized fabric was dispersed further with dilute 
sodium hydroxide to produce an additional fraction. Since the pH values 
obtained with Amberlite IR-4-B or De-Acidite were considerably lower, 


these materials were unsatisfactory for the preparation of cottonseed pro- 
tein. 

















TABLE I 
Per Cent Ash, Phosphorus, and Nitrogen of Protein Prepared from Peanut Meal 
Method of precipitation 

Method of dispersion — Salfar dioxide Phosphorylated fabric 

Ash P | N Ash P N 
Sodium hydroxide, pH 7.9....| 0.41 0.40 17.3 | 0.33 | 0.40 | 17.1 
Aminized fabric wien’ i. Sean 0.17 0.13 17.5 0.22 | 0.20 | 17.5 
“ aha. Oe Te PEE | 0.09 | 0.12 | 18.1 
4 ore [Wee b ceva rs | 0.13 | 0.09 | 17.1 
De-Acidite, pH 7.5...........] 0.24 0.18 | 17.1 0.23 | 0.22 | 16.9 
Amberlite IR-100, pH 7.5..... 0.34 | 0.43 16.9 0.40 | 0.48 17.1 








* pH 8.0 with aminized fabric, to pH 4.1 with phosphorylated fabric, and back to 
pH 4.5 with aminized fabric. 


t pH 8.5 with aminized fabric, to pH 3.9 with phosphorylated fabric, then to pH 
6.65 with aminized fabric, and back to pH 4.5 with phosphorylated fabric. 


Before analysis, the dried proteins were equilibrated in the air and 
ground to a fine powder. Moisture was determined by drying for 2 hours 
ina forced draft oven at 130°. To obtain ash values, samples were charred 
at 250° and ignited at 600° for 4 hours in a pyrometer-controlled electric 
muffle. Phosphorus was determined by the reduced molybdate method 
after digestion with sulfuric acid and hydrogen peroxide (6). Nitrogen 
determinations were made by the Kjeldahl method with mercury as a 
catalyst. All values given in Tables I to III are on a moisture-free basis. 


RESULTS AND DISCUSSION 


Analytical results on several samples of protein prepared in different 
ways from solvent-extracted peanut meal are shown in Table I. The com- 
mercial anion exchange resins did not raise the pH to the desired value of 
7.8, but the proteins made with De-Acidite were lower in ash and phos- 
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phorus than the control proteins dispersed with sodium hydroxide. Amin- 
ized cotton fabric was quite adequate in increasing the pH of the meal 
suspension and produced protein preparations very low in ash and phos- 
phorus and high in nitrogen. 

Similar results are shown in Table II for preparations made by redis- 
persing and reprecipitating a crude sample of peanut protein. In these 
experiments the aminized fabric increased the pH to only 6.6, owing to re- 
moval of nearly all the anions. The dispersion of the protein remaining 
in the residues was completed by adding dilute sodium hydroxide solution 
to obtain pH 7.8. The preparations made with the ion exchange fabrics 
were very low in ash and phosphorus and high in nitrogen. 





























TABLE II 
Analysis of Samples Made from Crude Peanut Protein 
Dispersion Precipitation | Analytical values 
Agent = Agent “3 pH | Ash | Pp | N 
per sai per cent = 
SSS ee 6.6 | Sulfur dioxide 4.4 | 0.74 | 0.82 | 17.3 
Residue from above 
Ee eee 7.8| * “ 4.5 | 0.63 | 0.38 | 16.9 
Aminized fabric........... “es; * sig 4.3 | 0.14 | 0.06 | 17.9 
Residue from above, | | 
A eer 74 | ” 4.5 | 0.18 | 0.07 | 17.8 
ete ee ee 6.6 Phosphorylated fabric | 4.5 | 0.64 | | 0. 76 | 17.4 
Residue from above 
ER eee 7.8 a “ 4.4 | 0.33 | 0.56 | 16.9 
Aminized fabric........... 6.6 | - s | 4.5 | 0.08 | 0.04 | 18.3 
Residue from above, | | | | | 
| 0.09 | 18.5 


Serre | 7.8 | «“ « | 4.4 | | 0. 10 





Results obtained with cottonseed meal are given in Table III. The 
ash and phosphorus contents of the preparations of cottonseed protein 
made by use of the ion exchange fabrics were higher than in the correspond- 
ing preparations from peanuts, but were lower than in cottonseed pro- 
tein preparations made with sodium hydroxide and sulfur dioxide. 

Aminized cotton fabric was the most satisfactory anion exchange ma- 
terial for the preparation of protein, since a higher pH could be obtained 
with it and the ash and phosphorus content of the preparations were 
lower than that obtained with either of the commercial anion exchange 
resins. Phosphorylated cotton fabric was the most rapid and conveniently 
used cation exchange material because it did not have to be enclosed in a 
membrane. All of the ion exchangers gave satisfactory yields of protein, 
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although somewhat smaller than were obtained with sodium hydroxide 
and sulfur dioxide. 

Considerable quantities of yellowish brown-colored substances attached 
themselves to the aminized fabric during the dispersion of both peanut 
and cottonseed protein. Some of these substances were removed on re- 
generation of the fabric, but others remained fixed on the cloth. It 
seemed possible that this removal of colored substances by the aminized 
cloth would improve the color of solutions of protein so prepared. How- 
ever, alkaline solutions of peanut protein prepared by means of aminized 
cotton fabric were as dark as those from proteins prepared with sodium 
hydroxide. 


TaBLE III 
Analysis of Protein Preparations Made from Cottonseed Meal 



































Dispersion Precipitation Analytical values 
Agent pH Agent | pH | Ash P N 
per cent) per cent ~~ 
PROMS eM eas ei A arad 9.0; Sulfur dioxide 4.1} 2.60 | 1.14 | 15.8 
Residue from above, | 
DEMIR ois Sie ctupe scares tis Stole 10.5)“ eS 4.4 0.62 | 17.0 
Avainized fabric. .......... 9.0 = “5 4.1 | 1.21 | 0.99 | 13.7 
Residue from above, | 
OE Gs co sivndckowut hiss me. .* a 4.4 | 0.86 | 0.65 | 16.2 
RMN Costa? icici kts ee sthoted 9.0| Phosphorylated fabric | 4.1 | 1.99 | 1.09 | 16.0 
Residue from above, | 
L001 eae eo ere 10.5, ec ee 4.5 | 0.55 | 0.89 | 16.1 
Aminized fabric. .......... 9.0, - si 4.2 | 0.88 | 0.69 | 13.6 
Residue from above, 
UES. nic Cucseegeesauks 10.5 * 4.4 | 0.13 | 0.35 | 18.0 








The low phosphorus content of proteins prepared by use of aminized 
fabric indicated that the phosphorus compounds were combining with the 
fabric. This was verified by analyzing a piece of aminized fabric which 
had been used to disperse crude peanut protein and subsequently thoroughly 
washed. It was found to contain 0.29 per cent phosphorus, while a piece of 
fabric that had not been aminized but exposed in the same way to crude 
peanut protein contained no phosphorus. Aminized fabric which has not 
been used for the preparation of protein does not contain any phosphorus. 


We are indebted to Vidabelle O. Cirino and Harry E. Conrad for the 
nitrogen and phosphorus determinations. 








212 PREPARATION OF OIL SEED PROTEINS 


SUMMARY 


Protein preparations low in ash and phosphorus content may be made by 
the use of anion exchange materials to increase the pH of oil seed meal 
suspensions and cation exchange materials to reduce the pH of the protein 
dispersion to the isoelectric range. Preparations very low in ash and phos- 
phorus may be obtained by the alternate use of aminized cotton fabric 
and phosphorylated cotton fabric until deionization is almost complete 
prior to separation of the protein curd. The method is also useful for the 
purification of protein preparations made by the usual methods. While 
commercial ion exchange resins may also be used, the results with the 
fabrics have been better. The fabrics are also more convenient and are 
readily recovered and regenerated. 
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PREPARATION OF RADIOACTIVE IODOCASEIN* 
By C. F. HAMILTON, MARSCHELLE H. POWER, anv A. ALBERT 


(From the Mayo Clinic and Mayo Foundation, Rochester, Minnesota) 
(Received for publication, September 2, 1948) 


We have recently prepared iodocasein containing radioactive iodine 
(I!) for use in studies, to be described in detail elsewhere, on the metab- 
olism of calorigenic substances in human beings. ‘The procedure followed 
was, in general, that of Reineke and Turner (1, 2) except for modifications 
necessitated by the incorporation and handling of I'*'. These modifica- 
tions shorten the procedure somewhat and aid in obtaining conveniently a 
product having sufficient specific activity and biologic potency. It is 
the purpose of the present paper to describe the preparation and proper- 
ties of the radioactive iodocasein so obtained.! 


Methods 


Chemical Analyses. T'yrosine—After hydrolysis of the protein accord- 
ing to the method of Bhagvat and Sreeramamurthy (4), tyrosine was 
determined by the method of Folin and Marenzi (5). 

Todine—The method of Shahrokh (6) was used with the following 
changes: (1) In lieu of the transfers originally described, the entire 
procedure was carried out in a 100 ml. Kjeldahl flask marked at a 15 ml. 
level. (2) Phenol, which is added just prior to titration, was omitted, 
since its use led to lower iodine values. (3) Glass beads were substituted 
for pumice, leading to a clearer and sharper end-point. 

Thyroxine—Hydrolysis with barium hydroxide and distribution of 
thyroxine in butanol was effected according to the procedure of Roche and 
Michel (7). The purified butanol extract was analyzed for iodine, as was 
done by Reineke and coworkers (8) in their studies of thyroxine in iodinated 
casein, and the resulting value was converted to thyroxine by means of 
the factor 1.529. 

Biologic Analysis—The methods of Deanesly and Parkes (9) and of 
Hamilton, Albert, and Power (10) were employed. 

Radiologic Analyses—0.2 ml. aliquots of solutions containing radioac- 
tive iodine were dried on copper planchettes with 0.1 ml. of silver nitrate 


* Abridgment of part of a thesis submitted by Dr. Hamilton to the Faculty of the 
Graduate School of the University of Minnesota in partial fulfilment of the require- 
ments for the degree of Master of Science in Medicine. 

' After completion of our work, Frieden, Lipsett, and Winzler (3) also reported 


the use of the method of Reineke and Turner (1, 2) for the preparation of radioiodo- 
casein. 
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containing 1 mg. of silver per ml., and counted with a 8-ray Geiger counter 
in connection with a scaling circuit (Autoscaler, Tracerlab, Inc., Boston. 
Massachusetts). Counts were corrected for decay and self-absorption 
when necessary, and expressed usually in terms of per cent of radioactivity 
originally involved in a given experiment or operation, by means of com- 
parison with a simultaneously counted pilot of the sample of I'*' used. 
Reagents—Borden’s Labco (vitamin-free) casein containing 4.9 per cent 
tyrosine was used. I'*! was obtained from the Clinton Laboratories, Oak 
Ridge, Tennessee, in carrier-free solution. The solution was adjusted to 
pH 8.0, calcium chloride was added to precipitate oxalate, sodium iodide 
was added as carrier, and the solution was diluted so that 1 ml. contained 5 
y of sodium iodide and 500 microcuries of I’. Other reagents used were 




















TABLE [ 
Summary of Six Preparations of Radioactive Iodocasein 
Amounts used Analyses of product 
Preparation -_ | Ni Total Per cent | Per cent [131, ; 
[131 Casein | — Thyroxine a me a ia setivits 
| total 127 total [1 used 
microcuries gm. | percent | per cent gen 
= 
I 100 2 | §.2 2.0 26 31 29 0.02 
J 16 | 1 | 49 | 2.5 | 33 45 35 | 0.06 
K 20} 1 | «5.4 2.8 34 37 28 0.08 
L 150 | 1 | “20 2.6 29 22 28 0.05 
N 6000 | 0.5 | 5.0 3.0 38 52 24 2.60 
N 6000 | 0.5 | 6.3 3.3 35 34 38 3.60 
Average... | | 5.5 2.7 33 37 30 





sodium bicarbonate, 10 per cent nitric acid, 10 per cent sodium nitrite, 
0.2 m acetate buffer at pH 4.6, aldehyde-free ethyl alcohol, and colloidal 
manganese oxides prepared according to the method of Friedemann and 
Kendall (11). 


EXPERIMENTAL 


Sufficient sodium iodide to provide 4 atoms of iodine per mole of tyro- 
sine plus an excess of 30 per cent to allow for loss in the liberation of iodine 
was dissolved in 5 ml. of water containing the desired amount of I'*! (vary- 
ing from 100 to 6000 microcuries). The solution was placed in a 50 ml. 
iced centrifuge tube shielded by lead bricks. Iodine was liberated in the 
usual manner by nitric acid and sodium nitrite. After centrifugation in 
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er | the cold, the iodine crystals were washed twice with 5 ml. of ice-cold water. 
n, | To the elementary iodine was added a 2.5 per cent solution of casein in 1 
on per cent sodium bicarbonate containing 10 ml. of colloidal oxides of man- 
ty | ganese per gm. of casein. The mixture was agitated in a cradle rocker at 
m- 70° for 18 to 20 hours. After incubation, the mixture was adjusted to 

| pH 4.6 with hydrochloric acid and centrifuged. The precipitate was 
nt washed twice with acetate buffer at pH 4.6 and once with alcohol, and was 
ak | dried. The entire procedure was carried out within 24 hours. 


ide TaBLe II 
15 Characteristics and Comparison of Todocaseins with Desiccated Thyroid 








ere | | | | Percent | Average 
{ | Total | la Bee ° 
Preparation or anic | Thyroxine a condee 


| | total ™ | m.e.d.* 





36 0.4 
26 «| ~ «(0.5 
38 | 0.2 
35 | 0.3 
27 0.9 


| per cent | per cent | | mg. 
Iodocasein (Protamnna)}isss-.css..0cd2r000 rs 

- (Preparation C)f...........005. 6.2 | 

( 7 WES tN a aie | 5.0 

fi a ( se Wiis 5nd heen | 6.8 

pnineeied thyroid (strong)]]............... 1.0 





uries 


ng. ° > Median cfleetive dose. 
2 t Cerophyl Laboratories, Inc., Kansas City, Missouri. 


“ 


6 t Non-radioactive, prepared as in the text. 

8 § Radioactive, cf. Table I. 

5 || Parke, Davis and Company, Detroit, Michigan. 

50 | 

60 Results 

= a Six preparations were made. The pertinent data are shown in Table I. 
Losses of radioactivity were determined at each step in the procedure. 
The over-all recovery of I'* in the final dried product averaged 30 per 

rite, cent. The incubation mixture contained 70 to 85 per cent of the original 

idal activity, indicating a 15 to 30 per cent loss during the preparation of free 

and iodine, its addition to the casein solution, and the period of incubation at 
70°. Only a small portion of this loss, however, was found by direct esti- 
mation. The combined supernatant and buffer washes of the isoelectric 
precipitate accounted for a loss of 46 per cent and the alcohol wash ac- 

yro- counted for a loss of 1.5 per cent. One batch was prepared by the original 

dine method of Reineke and Turner (2) which utilizes prolonged dialysis of the 

ary- incubation mixture. The yield of I was not different from that de- 

} mal. scribed, indicating that the isoelectric procedure is as effective in removing 

the | occluded iodide as the dialysis method and has the advantage of con- 

yn in suming less time. 
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The average content of total organic iodine of the iodocasein was 5.5 
per cent and the thyroxine content was 2.7 per cent. The proportion of 
thyroxine I)” to total I’? was 33 per cent, with which the radioactive 
analyses agreed well (37 per cent of the total I'*' was thyroxine I"). The 
specific activity of the compound, of course, varied with the amount of 
both I'** and casein used, and can be, therefore, altered to suit the par- 
ticular purpose in mind. For studies on human subjects a physiologic 
dose of iodocasein was calculated to be 60 mg. per day on the basis of 
equivalence of physiologic action as compared with desiccated thyroid. 
Since 100 to 200 microcuries at the time of administration in man can be 
followed conveniently by present counting equipment, a preparation con- 
taining 2 to 3 microcuries per mg. was considered optimal for human sub- 
jects. This can be readily achieved in any reasonable amount with 12 
millicuries of I'*' per gm. of casein. 

A comparison of the properties of two preparations of radioiodocasein of 
highest specific activity, a single non-radioactive preparation, a commercial 
brand (Protamone) prepared according to the method of Reineke and 
Turner (2), and desiccated thyroid is given in Table II. The total iodine 
and thyroxine of all iodocaseins are similar, as is their biologic activity. 
Desiccated thyroid, however, while containing about the same ratio of 
thyroxine iodine but much less total iodine, was found to be slightly less 
than half as active as the artificial iodoproteins. 


SUMMARY 


A procedure for the preparation of radioactive iodocasein of sufficient 
radioactivity and biologic activity for use in physiologic amounts in human 
metabolic studies is described. 
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THE EFFECT OF ZINC-HYDROCHLORIC ACID HYDROLYSIS 
ON THE ESTROGENS IN HUMAN URINE* 


By BENJAMIN F. STIMMEL 
(From the Laboratory of the Rees-Stealy Medical Research Fund, Ltd., San Diego, 
California) 


(Received for publication, September 8, 1948) 


Smith and Smith (1) reported that boiling of human female urine for 3 
hours with 4 gm. per cent of zinc dust and 15 volumes per cent of hydro- 
chloric acid resulted in a marked increase of estrogen potency over that 
acquired by optimum conditions of simple acid hydrolysis; namely, 10 
minutes boiling with 15 volumes per cent of hydrochloric acid. They were 
unable to account for all of the increased estrogenic potency by conversion 
of estrone to a-estradiol and more complete hydrolysis and they therefore 
postulated the occurrence in human urine of certain non-estrogenic com- 
pounds closely related to the estrogens (estrone, a-estradiol, and estriol), 
which were rendered estrogenic by hydrogenation (2). Pincus and Pearl- 
man (3) have obtained evidence for the presence of an additional estrogen 
in human pregnancy urine which is ketonic and contains a hydroxyl group 
other than the usual phenolic one. The same type of estrogen recently 
was reported (4) as being present in human and rabbit blood. The syn- 
thesis of two more highly oxygenated estrogens related to estrone and 
a-estradiol has been accomplished (5), and the suggestion has been made (6) 
that these (16-ketoestrone and 16-keto-a-estradiol) may be the compounds 
postulated by Smith and Smith. Since previous work (7) from this labo- 
ratory has given some chemical (colorimetric) confirmation to the hypoth- 
esis of Smith and Smith, it was felt that further information on the effects 
of the hydrolytic technique on the known natural estrogens and on the 
newly synthesized estrogens might further our knowledge concerning the 
possible presence of additional estrogens in the urine. 

We now present data on the effects of the hydrolytic process as derived 
by our procedure for the fractionation and photometric estimation of uri- 
nary estrogens (8) which show that zinc-hydrochloric acid hydrolysis of 
the estrogens in human urine (a) converts the major portion of estrone to 
estradiol, (b) yields estradiol titers which are higher than can be accounted 
for by mere conversion of estrone to estradiol, and (c) yields estriol titers 


* This investigation was aided by a grant from the American Cancer Society upon 
recommendation of the Committee on Growth of the National Research Council. 

Part of the material in this paper was presented at the meeting of the Federation 
of American Societies for Experimental Biology at Atlantic City, March 16, 1948 
(Federation Proc., 7, 193 (1948)). 
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which appear higher than can be accounted for by more complete hydrol- 
ysis. The effect of hydrolysis on known natural estrogens and on one of 
their conjugates (sodium estrone sulfate) does not satisfactorily account 
for these observations. The data derived from the addition of 16-keto- 
estrone and 16-keto-a-estradiol to estrogen-free (male) urine before hy- 
drolysis appear to offer a satisfactory explanation. 


EXPERIMENTAL 


Collection and Preservation of Urine—The human pregnancy urine was 
collected over a 24 hour period without preservative and was utilized on 
the following day. If pooled human pregnancy urine or pooled human 
male urine was required, collection and storage was made with toluene. 

Hydrolysis and Extraction—The urine was extracted, chromatographed, 


TABLE [ 
Estrogen Titer of Human Pregnancy Urine 


Aliquot B 
Aliquot A (400 ml.), 3 hrs. 

(400 ml.), 10 refluxing, 15 Aliquot B 
min. refluxing, | vol. per cent ————— 
15 vol. per cent, HCl + 4 gm. Aliquot A 

HCl added per cent zinc 


dust added 


Y Y 

NR ta el hl SB 5 fees huh s Gals 39h SUSIK ES 340 35 

ee) ne ane 210 1180 

Maenrone = -GstrAdiol.............66.6.5003% 550 1215 2.20 

MS oe no) Sao Soi btn bes: = 3200 5800 1.81 
1.87 


Estrone + estradiol + estriol...... Me 3750 7015 


and the titer determined as previously described (8), except that the butyl 
alcohol extraction was omitted and the hydrolyzed urine was extracted 
with an ethyl ether-toluene mixture (9:1). This extract was concentrated 
to a convenient volume and separated into neutral and phenolic fractions 
(8). Wherever the L-520 mu to L-420 muy ratio of our Kober color product 
fell below 6.0, our color correction equation (9) was utilized. 


RESULTS AND DISCUSSION 


The typical colorometric estrogen data on human pregnancy urine as 
derived by simple hydrochloric acid hydrolysis and the zinc-hydrochloric 
acid technique of Smith and Smith are summarized in Table I. Each 
urine aliquot after hydrolysis was processed in identical fashion, so that 
any difference in estrogen titer must be attributed to the hydrolytic tech- 
niques under investigation. Zinc-hydrochloric acid hydrolysis of human 
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pregnancy urine caused almost complete depletion of the estrogen in the 
estrone fraction and yielded an estrogen titer in the estradiol fraction 
(calculated as a-estradiol) which was 2.2 times as much as the combined 
estrone and estradiol fractions by simple hydrolysis. The absence of 
estrone from the estradiol fraction was verified with the Zimmermann 
test (10). It is obvious that factors other than merely conversion of 
estrone to estradiol are involved when the zinc-hydrochloric acid hy- 
drolytic technique of Smith and Smith is employed. 

In order to test the hypothesis that more complete hydrolysis may ac- 
count for the augmented estrogen titers obtained by zine-hydrochloric 
acid hydrolysis, a number of experiments were performed in which the 
residual urine after simple hydrochloric acid hydrolysis and ether extrac- 
tion was rehydrolyzed by the zinc-hydrochloric acid technique. Data 


TaBLeE II 


Estrogen Titer after Butanol Extraction of 24 Hour Urine Specimen and 
Hydrolysis of Aliquots of Extract 


Estrogen titer 
ee ee 











Aliquot | Conditions of hydrolysis |Estrone | 
| Estrone | — | Pil | Estriol 

| diol | 

| + 40-8 [oy | Y 

A | 15 vol. % HCl + 4 gm. % zine 220 | 1500 | 1720 | 8700 
B, | 15 “ % * (10 min. refluxing) 360 | 250! 610 | 5000 
Bz | B, rehydrolyzed with zinc 46 | 640} 686 | 1000 
| Total estrogen titer, B; + Bz 406 | 890 1296 , 6000 
mI a B. op 76\ 69 


| | 


typical of these experiments are summarized in Table II. In this experi- 
ment, a preliminary butyl alcohol extraction of the unhydrolyzed urine 
was performed as described in a previous publication (8), and the hy- 
drolytic techniques were performed on aliquots of the aqueous extract of 
the residue from evaporation of the butyl alcohol. The Zimmermann 
test on the estrone fraction of Aliquot A gave a titer of 96 y. The sig- 
nificantly higher titer of 220 y obtained with the Kober reagent would 
suggest that the estrone fraction is contaminated with estradiol, presum- 
ably due to the limitations of the chromatographic fractionation procedure, 
in the presence of relatively large amounts of estradiol. Rehydrolysis by 
the zinc-hydrochloric acid technique of the urine extract (Aliquot B) fol- 
lowing simple hydrochloric acid hydrolysis and extraction yielded an es- 
trogen titer in the combined estrone-estradiol fractions even larger than 
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those obtained by the initial simple hydrolysis. However, the combined 
estrogen titers derived by sequential hydrolysis (Aliquot B) were stil] 
only 76 per cent in the estrone-estradiol fractions and 69 per cent in the 
estriol fractions of the values obtained by the zine-hydrochloric acid hy- 
drolysis technique (Aliquot A). 

That the marked increase in the estrogen titer obtained by the zine- 
hydrochloric acid technique is not peculiar to human pregnancy urine js 
borne out by the typical hydrolytic data on the urinary estrogen excretion 
of a man following injection of 2.0 mg. of estrone. The increase of the 
ratio of estrogen excretion by the two hydrolytic techniques was even 
greater than that found in human pregnancy urine (Table III). 

In these and other studies in which human male urine was used, the urine 
was divided into aliquots and the hydrolytic technique carried out directly 


TaBLe III 
Effect of Conditions of Hydrolysis on Urinary Estrogen Titer 
Male subject, carcinoma of prostate; 2.0 mg. of estrone injected. 


Estrogen titer 


Experi- | fo ee 





ment Conditions of hydrolysis | | Estrone 
No. | ‘ed “ar iam Estriol 
| diol 
ly |v |v | 
A | 26 | 107 | 133 | 164 
Bx is ens HCl; 20 min. pn 14 | 5| 19 52 
By | “<  rehy dvely sis of B,; 3 hrs. refluxing | 6 0 6 8 
| Bx + By | 20 | 5| 25 | 60 
| Ratio, B +B, | | 5.3) 2.7 
\ | 


on the urine. Simple rehydrolysis of Aliquot B subsequent to preliminary 
simple hydrolysis and extraction yielded relatively insignificant estrogen 
titers, thereby indicating that the time of refluxing does not appear to 
account for the discrepancy in the estrogen titers obtained by the two 
hydrolytic techniques. 

Since estriol has not been found in pregnant mare urine, the presence 
of intermediates which might play a rdle in the conversion of estrone to 
estriol would seem less likely than in the urine of the pregnant woman. 
Comparative studies of pregnant mare urine by the two hydrolytic tech- 
niques therefore might be expected to throw some light on the problem. 
Accordingly, simple hydrochloric acid and zinc-hydrochloric acid hydrol- 
ysis were carried out on aliquots of a specimen of pregnant mare urine.’ 


1 It is recognized that there are present in pregnant mare urine more highly un- 
saturated estrogens which are not successfully fractionated by our chromatogram. 
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The data (Table IV) show that there were negligible amounts of uncon- 
jugated estrogens in our specimen and that simple hydrolysis yielded 
slightly higher total estrogen titers than zinc-hydrochloric acid hydrolysis. 
These data may be interpreted as offering some experimental support to 
the concept that there are present in the human pregnancy urine inter- 
mediate compounds which play a réle in the conversion of estrone to estriol 
and which augment the estrogen titer in zinc-hydrochloric acid hydrolysis.* 











TABLE IV 
Effect of Conditions of Hydrolysis on Urinary Estrogen Titer of Pregnant Mare 
Urine* 
~ Estrogen titer, mg. per gm. 
Chromatographic a a 
fraction = , 
| Kober Zimmermann 
| test test 
No hydrolysis | Estrone 0.014 No test 
| Estradiol t 0.006 te 
| Estriolt 0.004 Se 
Re oo y's. a ncaa Barave bh Biica hae a este oie ae aE ee : 0.024 
Simple hydrolysis, 15 vol. % HCl; 20| Estrone 0.449 0.450 
min. refluxing Estradiolt 0.123 0.168 
| Estriolt 0.051 0.000 
TERS, ET yx ERM Pr rr ee eee 0.623 0.618 
Zinc-HCl hydrolysis Estrone 0.003 0.022 
Estradiolf 0.485 0.000 
Estriol 0.091 0.000 
RMR £559. a as sca, SS ess lads ta ss ee baal es aes pear ae eames aerate 0.579 0.022 


* Spray-dried powder reconstituted to approximately normal specific gravity with 
distilled water. 

t Calculated as estrone. 

t Calculated as estradiol. 


A comparison of the effects of the two hydrolytic techniques on essen- 
tially estrogen-free urine to which 16-ketoestrone and 16-keto-a-estradiol 


Equilin and equilenin are eluted with estrone and a-estradiol in our technique (un- 
published data). However, equilin occurs in relatively small amounts and equilenin 
does not react to produce the typical Kober color product. 

? In the absence of more positive proof, we hesitate to attribute the relatively small 
amounts of material which appeared in our 30 per cent methanol-benzene (estriol) 
fraction to estriol; the diffuse nature of the trailing boundary of substances eluted 


principally in a preceding chromatographic fraction would seem a more probable 
explanation. 
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have been added would aid in evaluating the capacity of these com- 
pounds to augment the estrogen titers by zinc-hydrochloric acid hydroly- 
sis. It must be emphasized that 16-keto-a-estradiol, in our Kober test, 
gave the typical pink color with about the same density at 520 muy per 
microgram as did estrone, whereas pure 16-ketoestrone is practically 
non-chromogenic (11). 16-Keto-a-estradiol added to pooled male urine 
after hydrolysisdistributed itself between the 5 per cent methanol-benzene 
and 30 per cent methanol-benzene filtrate fractions in the ratio of ap- 
proximately 1:1 (Table V). When added to pooled male urine previous 
to zinc-hydrochloric acid hydrolysis, 16-ketoestrone became chromogenic 


TABLE V 


Effect of Simple and Zinc-Hydrochloric Acid Hydrolysis on Titer of Pooled 
Male Urine 


1 liter of male urine with 16-ketoestrone and 16-keto-a-estradiol added. 





| Per cent recovery of estrogen in 
asheiaalian fractions 














Experi- | 2 | 
ment Conditions of experiment per cent} 5 30 
No. meth- | per cent per cent 
anol- | methanol- | methanol- 
benzene| benzene | benzene 
| (es- | (estradiol) | (estriol) 
| trone) | 
1 4. 0 mg. 16-keto-a- neal ahaea ‘athe snigl 2 | 4 4] 


hydrolysis; 20 min. refluxing 


2 | 2.0 mg. 16-keto-a-estradiol added before Zn-HCl| 0 | 10 3 
| hydrolysis; 3 hrs. refluxing | | 
3 | 2.0 mg. 16-ketoestrone added before Zn-HCl ad 0 | 8 4 
| drolysis; 3 hrs. refluxing | 
4 | 5.0 mg. 16-ketoestrone added before simple hy- 0 0 l 
drolysis; 20 min. refluxing | | 
Subsequent Zn-HCl hydrolysis; 3 hrs. refluxing 0:3. | - 1.66 0.58 


with the Kober reagent to the extent of 12 per cent, calculated as 16- 
keto-a-estradiol, and appeared in the 5 per cent methanol-benzene and 
30 per cent methanol-benzene filtrate fractions of our chromatogram in 
the ratio of about 2:1. Similarly, 16-keto-a-estradiol added to pooled 
male urine previous to zine-hydrochloric acid hydrolysis was recovered to 
the extent of 10 per cent in the 5 per cent methanol-benzene fraction 
and 3 per cent in the 30 per cent methanol-benzene filtrate fraction. 
Since untreated male urine, upon zinc-hydrochloric acid hydrolysis, did 
not yield these results, we assume that 16-ketoestrone was reduced to 16- 
keto-a-estradiol by the zinc-hydrochloric acid hydrolysis and thereby con- 
tributed the typical Kober color product. Reduction of 16-ketoestrone 
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to 16-keto-a-estradiol with zine dust and acid is in accord with Huffman 
and Lott’s data (5) on the synthesis of 16-keto-a-estradiol. 

Huffman and Lott (5) have commented on the high solubility of 16- 
ketoestrone in their acid reaction mixture. It occurred to us that the dis- 
erepancies in our simple and zinc-hydrochloric acid urine estrogen titers 
might be explained by the presence of a compound with such high aqueous 
solubility that it enters the organic phase of our extraction procedure only 
after partial reduction. Accordingly, 5 mg. of 16-ketoestrone were added 
to 1 liter of pooled male urine and simple hydrochloric acid hydrolysis and 
extraction followed by zinc-hydrochloric acid hydrolysis and extraction 
were carried out sequentially. Although there was some evidence of re- 
covery of estrogens in the second extraction, in percentage figures the results 
are not very suggestive of the operation of such a mechanism in the case 
of 16-ketoestrone. In Experiment 4, the 0.3 per cent recovery of 16-keto- 
estrone as estrone presumably arises from 16-keto-a-estradiol, which, as 
indicated in Experiment 1, occasionally appears in relatively small amounts 
in our estrone chromatographic fraction. 

The data in Experiments 1, 2, and 3 suggest that 16-ketoestrone, if present 
in human urine in sufficiently large amounts, could account for some of 
the additional Kober color products obtained by the Smith zinc-hydro- 
chloric acid hydrolysis technique. Study of the urine of human subjects 
treated with these compounds, for phenolic estrogens, would present a 
more favorable test of this concept.* 

Although these data might seem to offer convincing arguments for the 
occurrence in human urine of more highly oxygenated estrogens which 
become chromogenic with the Kober reagent when subjected to zine-hy- 
drochloric acid hydrolysis, the alternative concept that these results are 
the consequence of varying relationships between the extent of simultane- 
ous hydrolysis and destruction of the labile estrogens already known to 
be present in human urine might seem equally valid. This latter concept 
can be evaluated only if the conjugated forms of the estrogens as they 
appear in human urine are available for experimentation. Since they are 
not generally available, only a partial solution to our problem can be at- 
tempted at this time. It must be emphasized, however, that current 
published data (1, 12) on the destructive effects of acid hydrolysis on the 
conjugated and unconjugated estrogens as derived by bioassay are of little 
help in evaluating similar phenomena obtained by colorimetric techniques, 
since the structural features which give rise to a physiological response 
are not necessarily the same as those which give rise to the colorimetric 
response. Production of color products with spectral characteristics typ- 


_ * A report on the urinary metabolites of 16-ketoestrone and 16-keto-a-estradiol 
injected in men will appear in a subsequent publication. 
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ical of those obtained with pure compounds is the only criterion of valye 
in estimating recoveries by colorimetric techniques. 

Table VI presents typical data on the recovery of the unconjugated 
natural estrogens after boiling with strong hydrochloric acid with and 
without the addition of zinc dust. 20 minutes refluxing with 15 volumes 
per cent of hydrochloric acid caused not more than 30 per cent destruction 
of the estrogens, as indicated by the Kober reagent, whereas 3 hours re- 
fluxing with 15 volumes per cent of hydrochloric acid and 4 gm. per cent 
of zinc dust resulted in almost complete destruction of estrogens. This js 
not surprising, since the amount of zinc dust which was added to the so- 
lution (4 gm. per cent) is stoichiometrically equivalent to approximately 
10 volumes per cent of hydrochloric acid as used by us, and exerts its ac- 


TaBLe VI 
Recovery of Added Estrogens from Distilled Water and Pooled Male Urine 
After boiling for 3 hours with (a) 15 volumes per cent of concentrated HC! and (}) 
15 volumes per cent of concentrated HCl and 4 gm. per cent of zinc dust. 





| Per cent recovery as shown by 
ages Solution, 1 liter Se aes ated = 
| (a) (b) 
1 | H,0 Estrone 70.4* 0 
2 | " a-Estradiol 80.0* 0 
3 os Estriol | 92.0* 8 
1 Pooled male urine | None 0.0 0 
2 “ i | Estrone | 73.0 63 .0f 
3 | bs af _ a-Estradiol 55.0 86.0 
4 | es os a Estriol 38.0 48.0 


+ Recovered in estradiol fraction of chromatogram. 


tion (evolution of hydrogen) actively only during the 1st hour of refluxing. 
Moreover, the hydrogen ion concentration by glass electrode determination 
showed no detectable change; 7.e., the pH was less than 0.2 over the 3 
hour period. 

Typical hydrolytic data obtained by the substitution of acidified pooled 
human male urine for simple hydrochloric acid solution of the estrogens 
indicated that the substitution of urine for aqueous solution provided con- 
siderable protection to the estrogens against the destructive forces oper- 
ating in hydrolysis in the presence of zinc dust (Table VI).*  Estriol ap- 


4 Male urine hydrolyzed by this technique in 1 liter quantities consistently gave 
estrogen titers within the limits of error reported for our procedure; 7.e., +7 7 
estrone, +10 y of estradiol, and +5 y of estriol (9). 
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peared to be the most labile of the three estrogens with both hydrolytic 
techniques. It was observed in experiments in which pooled male urine 
was used that the stoichiometric excess of hydrochloric acid became an 
actual excess of zinc, since from 6 to 8 gm. of zinc were recovered routinely 
at the end of the 3 hour hydrolysis. The titratable acidity at the beginning 
and the end of hydrolysis changed from an average of 1.5 N to 0.3 N (methyl 
orange indicator). However, the pH did not rise above 0.2. 

Data on the destruction of unconjugated estrogens by the hydrolytic 
process can provide only a partial explanation of estrogen losses during 
hydrolysis. As Gallagher (13) has emphasized, it is necessary to investi- 
gate the water-soluble forms of the phenolic steroids and to devise more 
reliable methods than are now available for the hydrolytic process based 


TaBLeE VII 
Recovery of Estrogen from Essentially Estrogen-Free (Pooled Male) Urine 
2.0 mg. of sodium estrone sulfate added to 1 liter of urine previous to hydrolysis. 

















‘eat | Conditions of hydrolysis by Rober pon 
mg. 
ao 15 vol. % HCl + 4 gm. % zine; 3 hrs. refluxing | 0.563* | 40 
2 | mb" %O"* 44% 9 «© 53 “ 0.588* | 42 
3 | 15 ** % * ; 5 min. refluxing 1.116 80 
4 mo SS ae | 1.262 90 
5 | 5 “ % concentrated H,SQ,; 10 min. refluxing | 1.234 88 
6 | 15 “ % HCl; 20 min. refluxing | 0.883 | 63 
7% nw es oe | 0.741 | 53 
8 ye * sar * _ | 0.715 | 51 
9 e* & * 0.726 | 52 


* Calculated as a-estradiol. 


upon the known composition of the conjugates. Some data on this point 
were provided by the hydrolysis of sodium estrone sulfate added to pooled 
male urine (Table VII) which show that simple hydrochloric acid hydrol- 
ysis yields even greater estrogen recovery than zinc-hydrochloric acid 
hydrolysis from sodium estrone sulfate. Typical recovery data reported 
in Table VII represent total estrogen recovered in all three of our chromato- 
graphic fractions. In Experiments 1 and 2, less than 10 per cent of the 
recovered estrogen appeared in the chromatographic estrone and estriol 
fractions, whereas in Experiments 3 through 9 less than 10 per cent of the 
recovered estrogen appeared in the estradiol and estriol fractions. The 
optimum time of refluxing for simple hydrolysis with 15 volumes per cent 
of hydrochloric acid appeared to be 10 minutes, which yielded 90 per cent 
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of the theoretical estrone content, whereas the zinc-hydrochloric acid tech- | 
nique of Smith and Smith with 3 hours refluxing gave approximately 40 ch 
to 42 per cent recovery. If sulfate is the only form of conjugation for fo 
human estrone excretion,® then these data offer strong support for the | pr 
postulate of Smith and Smith; 7.e., that conversion of estrone to estradiol | 
and more complete hydrolysis do not account for all of the increased estro. | 
genic potency obtained by the addition of zine during hydrochloric acid 
hydrolysis of human female urine. m: 
Unfortunately, sodium estriol glucuronidate was not available to us at / est 
the time these studies were made. However, Venning ef al. (14) have | of 
reported quantitative recovery of estriol from sodium estriol glucuronidate | me 
added to urine before hydrolysis by their method (approximately 2 volumes | Lt 
per cent of hydrochloric acid and 3 hours autoclaving at 15 pounds pres- | 
sure). Van Bruggen (12) also has reported quantitative recovery of | 
estriol from sodium estriol glucuronidate in aqueous solution following 10 1. 
minutes refluxing in an atmosphere of nitrogen gas with 15 volumes per 
cent of concentrated hydrochloric acid and 0.125 gm. per cent of protective 
agent (1-amino-2-naphthol-4-sulfonic acid). Our recovery data of estrone | 4 
from sodium estrone sulfate together with similar estriol recovery data | 5 
from sodium estriol glucuronidate, of Van Bruggen, offer strong support 6. 
for the thesis that sodium estrone sulfate and sodium estriol glucuronidate 7 
cannot account for the increased estrogen titers obtained on addition of | 4 
zinc dust during hydrolysis. The problem therefore resolves itself intoa | 49, 
search for (a) other conjugate forms of these known natural estrogens or | 11. 
(b) discovery of additional estrogen degradation products which are ren- | 12, 
{ 


=e 


dered chromogenic with the Kober reagent by the addition of zinc during 
hydrolysis with hydrochloric acid. 


SUMMARY | 
Comparative colorimetric estimations of estrogens in human pregnancy | 
urine by simple hydrochloric acid and by zinc-hydrochloric acid hydrolysis | 
support the observation of Smith and Smith based on bioassay, that estrone 
is converted to estradiol by the presence of zinc and that markedly increased | 
estrogen titers are obtained. 

Pregnant mare urine does not show augmented titers by the zinc-hydro- 
chloric acid hydrolysis technique. 

Recovery of estrone from sodium estrone sulfate added to pooled humat | 
male urine prior to zinc-hydrochloric acid hydrolysis was not of high enoug! | 
order to account for the increased estrogen titers obtained in human preg: 
nancy urine. 


‘ Hydrolytic studies on human pregnancy urine to be reported later seem to ind- 
cate otherwise. | 
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ech- | 16-Ketoestrone added to pooled human male urine reacts to zinc-hydro- 
y 40 chloric acid hydrolysis in such a way that its presence in urine could account 
for for some of the augmented Kober color products found by this hydrolytic 
‘the | procedure. 

diol | 
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THE OCCURRENCE OF a-ESTRADIOL IN THE URINE OF 
STALLIONS; ITS IDENTIFICATION AND ISOLATION* 


By LOUIS LEVIN 


(From the Department of Anatomy, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, October 25, 1948) 


The estrogenic substances have been demonstrated in many natural 
tissues and fluids. Because the concentrations in ovaries, in human 
pregnancy urine, in the urine of pregnant mares, and in the urine of stal- 
lions far exceed those found elsewhere, the distribution of the active sub- 
stances in these four sources has been rather extensively studied. How- 
ever, even though it has been known since 1934 (1, 2) that stallion urine 
is very rich in estrogenic material and since 1940 (3) that small amounts 
of estradiol may be obtained from stallion testes, little or no attention 
has been given to the non-ketonic estrogens of stallion urine. A thorough 
search of the literature has revealed no mention of the possible occurrence 
of non-ketonic estrogens in stallion urine. 

For several reasons it seemed desirable to study the distribution of the 
principal estrogenic constituents of stallion urine, with particular atten- 
tion to the non-ketonic estrogens, and to this end a systematic investi- 
gation of a number of specimens has been made. The results, reported 
below, show that a considerable and rather well defined proportion of the 
estrogenic activity of these urines is attributable to a-estradiol and, in 
fact, pure a-estradiol was isolated as the di-a-naphthoate in good yield 
from several of the more potent urine specimens. It is also of interest 
that most such urine specimens contain a-estradiol in far greater concen- 


tration than does any other natural source, follicular fluid or ovarian 
tissue not excluded, hitherto investigated. 


Methods 


Urine specimens were obtained individually, in so far as was possible, 
irom the various stallions.!. Care was taken to collect the urines directly 


* Aided by a grant recommended by the Committee on Growth of the National 
Research Council to the American Cancer Society and administered by Dr. E. T. 
Engle, and by a grant from the Rockefeller Foundation, administered by Dr. P. E. 
Smith. 

Preliminary reports of portions of this investigation have been made in a Letter 
to the Editors (J. Biol. Chem., 158, 725 (1945)) and before the Thirtieth annual meet- 
ing of the Association for the Study of Internal Secretions (J. Clin. Endocrinol., 8, 
701 (1948)). 

‘The author is indebted to Dr. Ralph Reece of the New Jersey Agricultural Experi- 
ment Station and to Dr. Robert Bates and Dr. Herman Cohen of E. R. Squibb and 
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into clean containers and to avoid contamination with fecal matter, ete, 
The specimens were chilled as soon as delivered to the laboratory (usually 
within several hours after voiding) and aliquots were hydrolyzed and 
extracted within 24 to 48 hours. 

The hydrolyses, extractions, and purifications were done by well known 
and accepted methods. For hydrolysis, the urine was acidified to pH | 
with concentrated hydrochloric acid and a small additional excess of the 
acid was added. The acidified urine was quickly brought to boiling and 
was refluxed gently for 30 minutes. After rapid cooling under the tap, 
the hydrolyzed urine was thoroughly extracted by shaking repeatedly 
with ether. The combined ether extracts were washed with dilute sodium 
bicarbonate solution until no further color was removed, the combined 
bicarbonate washings being washed back with a small amount of ether. 

The combined ether solutions were distilled to a convenient small 
volume and were then thoroughly extracted with 1 N NaOH. The com- 
bined NaOH solutions were acidified to Congo red with hydrochloric 
acid and were repeatedly extracted with ether, and the combined ether 
extracts were again washed with bicarbonate to remove any residual 
acidic pigment. The ether extract was distilled to dryness and the resid- 
ual oily material was separated into ketonic and non-ketonic fractions 
by treatment with Girard’s Reagent T in glacial acetic acid solution 
according to the method of Pincus and Pearlman (4), the quantities of 
reagents used being increased in proportion to the expected ketone con- 
tent. The non-ketonic fraction was subjected to at least one further 
treatment with Girard’s Reagent T in order to remove any residual ketonic 
material which might have escaped the first separation. 

The non-ketonic fraction was then fractionated into the so called “weak 
phenolic” (estradiol) and ‘‘strong phenolic” (estriol) fractions by parti- 
tion between benzene and sodium carbonate solution according to the 
method of Mather (5) and of Bachman and Pettit (6). After removal 
of the solvents by distillation, the final products were dissolved in 95 per 
cent ethyl alcohol, made up to definite volume, and were reserved for 
estimation of estrogenic content by bioassay and by photofluorometry. 

In several cases, in which the estrogenic content of the ‘‘weak” non- 
ketonic fraction was sufficiently large to warrant the attempt, the estrogen 
was further purified with the view of isolating the estrogen, presumed to 
be a-estradiol. The isolation was attempted in two cases and was suc- 
cessful in each. After completing the desired assays, the remaining 
material was further purified by repetition of certain of the above pro- 


Sons for their cooperation in obtaining the urine specimens upon which these studies 
were made. 
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cedures. The product in each case was then dissolved in benzene and 
was adsorbed on a column of alumina (Harshaw activated aluminum 
oxide, No. 350). Fractional elution, with considerable purification, was 
achieved by washing the column with benzene containing increasing 
concentrations of ethyl alcohol. Those fractions containing estrogenic 
activity as indicated by bioassay were combined and the material acet- 
ylated with acetic anhydride. The acetyl derivative was sublimed at 
low pressures (0.03 to 0.04 mm. of Hg), fractions being removed as the 
temperature was raised. Considerable purification was achieved in this 
fashion, a semicrystalline product being obtained in each case. The 
sublimate was saponified and the free estrogen treated with a-naphthoyl 
chloride as described by MacCorquodale et al. (7). The resulting crystal- 
line naphthoate was purified by several recrystallizations from absolute 
alcohol and from acetone. 

The product in each case was identified as a-estradiol di-a-naphthoate 
by melting points, mixed melting points with authentic a-estradiol di-a- 
naphthoate, and, in one case, by analysis for carbon and hydrogen. 

The ketonic fraction of each urine specimen, derived from the Girard 
separation, was not further purified. Each was dissolved in 95 per cent 
ethyl alcohol, diluted to a suitable volume, and aliquots used for the 
bioassay and photofluorometric estimations described below. 

In order to determine the effect of putrefaction on the estrogen parti- 
tion of stallion urine, aliquots of five specimens were allowed to stand for 
2 to 4 months in loosely covered glass containers at room temperature. 
These ‘“‘aged’’ specimens were then worked up as described above and 
the estrogen titers of the various fractions were compared to those ob- 
tained from the fresh specimens from which they were derived. 

Bioassays with spayed rats were done by a slight modification of the 
method of Kahnt and Doisy (8). Similar bioassays were performed with 
spayed mice, since it has been shown (9) that the ratio of the rat unit to 


the mouse unit is a good identifying characteristic for the more common 
natural estrogens. 


RESULTS AND DISCUSSION 


The total estrogen titers of six fresh specimens of stallion urine are 
indicated in Table I. It is to be seen that the estrogen titer, as first shown 
by Zondek (2), is quite inconstant, varying in these specimens from 5500 
to 150,000 rat units per liter of urine. The non-ketonic portions of these 
six specimens were found to contain from 2900 to 140,000 rat units per 
liter, thus accounting for 45 to 93 per cent of the total estrogenic activity. 
In five of these six specimens the proportion of the total activity found 
in the non-ketonic fraction was between 45 and 60 per cent. 
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By recalculating these data in terms of mg. of estrone and of a-estradiol, 
it may be seen (Table II) that these six urine specimens contained from 
3.3 to 47.4 mg. of estrogen per liter, of which 0.4 to 16.8 mg. per liter (8.0 
to 60.4 per cent of the total) was found in the non-ketonic fraction. These 
figures demonstrate that the a-estradiol titer of these urines was far greater 
than that of any other tissue or body fluid investigated to date. 

The results obtained with the ‘‘aged’’ aliquots of these urines are of 
considerable interest. These were worked up in the same manner that 


TABLE I 
Partition of Estrogens of Stallion Urine 


| 
| j 


Prepa-| | | 
ration | Stallion | Age | Barca Pe | Ketonic Non-ketonic 
| | 
a Coe —= 
| | ors. | | —— | erm ber po —- serail 
eS ; 
735 | PercheronA | ? June | 5,500) 2,600 | 47 | 2,900 8 
736 | 3 pooled = " 150,000 | 10,000 | 7 | 140,000; 93 
747 Percheron A ? Nov. 71,400 | 39,600 | 55 31,800 | 45 
760 | ? 2 Apr. 20,000 | 10,400 | 52 9,600 | 48 
761 Percheron B a a 40,000 | 16,400 | 40 | 24,000! 60 
762 | = C 5 | — 52,000 | 27,000 | 52 25,000 | 48 
TaBLeE IT 
Partition of Estrogens of Stallion Urine 
| Ketonic as | Non-ketonic as Total est 
Preparation No. | estrone | a-estradiol 2 ee Estrone Estradiol 
(A) (B) (A + B) 
mg. per l. meg. per l. mg. per l. per cent per cent 
735 | 2.9 0.4 3.3 87.9 12.1 
736 11.0 16.8 27.8 39.6 60.4 
747 43.6 3.8 47.4 92.0 8.0 
760 11.4 1.2 12.6 90.5 9.5 
761 18.0 2.9 20.9 86.1 13.9 


762 29.7 | 3.0 32.7 90.8 9.2 


was described above for the fresh specimens. On assaying the resulting 
products, it was found (Table III) that in all but one case the total estro- 
genic activity had decreased considerably during the ‘‘aging’’ period, the 
losses averaging 33 per cent of the original titer of the fresh aliquots. 
The assays of the four aged specimens which were partitioned into ke- 
tonic and non-ketonic fractions indicate that the loss of activity cannot 
be ascribed to a consistent reaction. In one case (Preparation 736-743 
the loss was apparently due to an extensive and almost stoichiometric 
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conversion of non-ketonic to ketonic estrogen, presumably (see below) by 
an oxidation of estradiol to estrone. In another (Preparation 760-77] 
a smaller fraction of the estradiol appeared to have been converted to 
estrone. In a third specimen (Preparation 761-772), there was a small 
loss of estradiol and a rather large coincident disappearance of estrone. 
while in the fourth case (Preparation 762-773) a large proportion of the 
estrone was lost with a coincident but smaller increase of estradiol, sug- 
gesting at least partial conversion of estrone to estradiol. 

These figures suggest that in a urine specimen exposed to air both oxida- 
tion and reduction of the estrogenic constituents can occur, the extent 
of the reaction being variable. In some cases, there is an almost stoichio- 
metric conversion of one estrogen to another. In others there is a Joss of 
estrogenically active substances, calculated in terms of mass, 
probable that in such cases the oxidation-reduction reaction may go so 
far as to yield non-estrogenic products. Whether such reactions as well 
as their variability are due to bacterial action or to other mechanisms 
cannot be definitely stated. It was noted, however, that all these urine 
specimens became quite alkaline on standing exposed to air, indicating 
a conversion of nitrogenous substances to ammonia, presumably by bace- 
terial action. In this connection, it is to be recalled that Mamoli (10, 11 
demonstrated that many ketonic steroids are readily reduced to the 
alcoholic analogues by certain microorganisms. It seems equally likely 
that other organisms may be able to effect the reverse reaction; ¢.g., oxi- 
dation of alcoholic steroids to the corresponding ketones. Indeed, Heller 
(12) has postulated that such a mechanism operates in surviving liver 
slices and has provided some evidence to support his hypothesis. It is 
further not unlikely that such oxidation-reduction reactions may proceed 
even further with a disruption of the steroid molecule and consequent 
loss of physiological activity. 

Since these mechanisms, bacterial or otherwise, do indeed occur in 
urine specimens which have been allowed to putrefy, it is understandable 
that entirely unpredictable changes in composition and titer will be found, 
depending on the duration of the aging process and upon whether oxida- 
tion or reduction of the estrogens is the preponderant reaction. ‘There 
is no reason to assume that these processes are restricted to stallion urine, 
and they may be expected to occur as readily in the urine of pregnant 
mares, human pregnancy urine, etc. Such unpredictable changes, super- 
imposed upon the physiological variations in the urine donors, may 
explain the disagreement among investigators as to the composition of 
the “mixed natural estrogens” in such sources as the urine of pregnant 
mares. It seems necessary to consider the age of the urine specimen, the 
mode of collection, possibility of contamination, and conditions of aging 
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before reaching a conclusion as to whether the estrogen partition and titer 
found are or are not the same as those of the freshly voided urine. 

The ketonic and non-ketonic estrogens were separated as described 
above. Estradiol and estriol are the only natural non-ketonic estrogens 
known. Any estriol which may have been present should have appeared 
in the ‘‘strongly phenolic’ non-ketonic fraction derived from the benzene- 
sodium carbonate partition (5, 6). As a matter of fact, in no case was 
any activity found in the “strongly phenolic” fractions, thereby indicating 
that no estriol was present. Nevertheless it was deemed advisable to 
characterize the fractions as accurately as possible as a check on the 
chemical procedures. 





TABLE IV 
Characterization of Estrogens of Stallion Urine by Bioassay 
Non-ketonic Ketonic 
weeparation Me, Rat unit Rat unit 
Mouse unit Mouse unit 
ml. per rat ml. per | ml. per rat ml. per 
unit mouse unit unit mouse until 
729 0.0003 0.0001 3.0 
747 0.0020 0.0006 3.3 0.0016 0.00012 13.3 
760 0.0075 0.0012; 6.2 0.005 0.0004 12.5 
761 0.0021 0.00045 4.7 0.0045 0.00027 16.6 
762 0.0019 0.0004 | 4.7 0.0025 0.00017 14.7 
771 0.015 0.0025 | 6.0 0.0070 0.0005 14.0 
772 0.0021 0.00055 3.8 0.030 0.0016 18.7 
773 0.0019 0.00045 4.2 0.0055 0.0003 18.3 
Y = | 7 7 
Estrone | 1.1 0.08 14.0 
a-Estradiol 0.12 0.03 | 4.0 


Estriol +1 +24 | +0.04 


One means of identifying the natural estrogens is that of comparing the 
size of the rat unit to that of the mouse unit. As first shown by Wester- 
feld et al. (9), the ratio of the size of the rat unit to that of the mouse unit 
is quite characteristic for most of the natural estrogens and, in particular, 
estrone and a-estradiol may be distinguished with ease. This technique 
was employed on the various fractions obtained, the pertinent results 
being detailed in Table IV. 

As may be seen, the ratios of rat unit to mouse unit were found to be 
4:1 and 14:1, respectively, for pure a-estradiol and for estrone. These 
figures are very near to those previously published by Westerfeld et al. 
(9) and by Levin (13). The ratio for estriol is approximately 0.04:1. It 
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conversion of non-ketonic to ketonic estrogen, presumably (see below) by 
an oxidation of estradiol to estrone. In another (Preparation 760-771) 
a smaller fraction of the estradiol appeared to have been converted to 
estrone. In a third specimen (Preparation 761-772), there was a small 
loss of estradiol and a rather large coincident disappearance of estrone, 
while in the fourth case (Preparation 762-773) a large proportion of the 
estrone was lost with a coincident but smaller increase of estradiol, sug- 
gesting at least partial conversion of estrone to estradiol. 

These figures suggest that in a urine specimen exposed to air both oxida- 
tion and reduction of the estrogenic constituents can occur, the extent 
of the reaction being variable. In some cases, there is an almost stoichio- 
metric conversion of one estrogen to another. In others there is a loss of 
estrogenically active substances, calculated in terms of mass, and it is 
probable that in such cases the oxidation-reduction reaction may go so 
far as to yield non-estrogenic products. Whether such reactions as well 
as their variability are due to bacterial action or to other mechanisms 
cannot be definitely stated. It was noted, however, that all these urine 
specimens became quite alkaline on standing exposed to air, indicating 
a conversion of nitrogenous substances to ammonia, presumably by bac- 
terial action. In this connection, it is to be recalled that Mamoli (10, 11) 
demonstrated that many ketonic steroids are readily reduced to the 
alcoholic analogues by certain microorganisms. It seems equally likely 
that other organisms may be able to effect the reverse reaction; e¢.g., oxi- 
dation of alcoholic steroids to the corresponding ketones. Indeed, Heller 
(12) has postulated that such a mechanism operates in surviving liver 
slices and has provided some evidence to support his hypothesis. It is 
further not unlikely that such oxidation-reduction reactions may proceed 
even further with a disruption of the steroid molecule and consequent 
loss of physiological activity. 

Since these mechanisms, bacterial or otherwise, do indeed occur in 
urine specimens which have been allowed to putrefy, it is understandable 
that entirely unpredictable changes in composition and titer will be found, 
depending on the duration of the aging process and upon whether oxida- 
tion or reduction of the estrogens is the preponderant reaction. ‘There 
is no reason to assume that these processes are restricted to stallion urine, 
and they may be expected to occur as readily in the urine of pregnant 
mares, human pregnancy urine, etc. Such unpredictable changes, super- 
imposed upon the physiological variations in the urine donors, may 
explain the disagreement among investigators as to the composition of 
the ‘‘mixed natural estrogens” in such sources as the urine of pregnant 


mares. It seems necessary to consider the age of the urine specimen, the | 


mode of collection, possibility of contamination, and conditions of aging 
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before reaching a conclusion as to whether the estrogen partition and titer 
found are or are not the same as those of the freshly voided urine. 

The ketonic and non-ketonic estrogens were separated as described 
above. Estradiol and estriol are the only natural non-ketonic estrogens 
known. Any estriol which may have been present should have appeared 
in the ‘‘strongly phenolic” non-ketonic fraction derived from the benzene- 
sodium carbonate partition (5, 6). As a matter of fact, in no case was 
any activity found in the “‘strongly phenolic” fractions, thereby indicating 
that no estriol was present. Nevertheless it was deemed advisable to 


characterize the fractions as accurately as possible as a check on the 
chemical procedures. 





TABLE IV 
Characterization of Estrogens of Stallion Urine by Bioassay 
Non-ketonic Ketonic 
Preparation No. j ee Rat unit —t Rat unit 
Mouse unit Mouse unit 
ml, nat ode a per . ~ ml. per rat ml. per 
unit | mouse unit unit mouse unit | 
729 0.0003 | 0.0001} 3.0 
747 _ 0.0020 | 0.0006 3.3 | 0.0016 | 0.00012 18.3 
760 — 0.0075 | 0.0012} 6.2 | 0.005 0.0004 | 12.5 
761 | 0.0021 | 0.00045 4.7 | 0.0045 | 0.00027 | 16.6 
762 | 0.0019 | 0.0004 4.7 | 0.0025 | 0.00017 | 14.7 
771 | 0.015 | 0.0025 6.0 | 0.0070 | 0.0005 14.0 
772 0.0021 0.00055) 3.8 0.030 | 0.0016 18.7 
773 0.0019 | 0.00045) 4.2 0.0055 0.0003 | 18.3 
7 ¥ Y Y | 
Estrone Be 0.08 | 14.0 
a-Estradiol 0.12 | 0.08 4.0 | 
Estriol +1 |24 +0.04 | | 








One means of identifying the natural estrogens is that of comparing the 
size of the rat unit to that of the mouse unit. As first shown by Wester- 
feld et al. (9), the ratio of the size of the rat unit to that of the mouse unit 
is quite characteristic for most of the natural estrogens and, in particular, 
estrone and a-estradiol may be distinguished with ease. This technique 
was employed on the various fractions obtained, the pertinent results 
being detailed in Table IV. 

As may be seen, the ratios of rat unit to mouse unit were found to be 
4:1 and 14:1, respectively, for pure a-estradiol and for estrone. These 
figures are very near to those previously published by Westerfeld et al. 
(9) and by Levin (13). The ratio for estriol is approximately 0.04:1. It 
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may be seen that the non-ketonic fractions obtained from stallion urine 
yielded a rat unit to mouse unit ratio varying from 3.0:1 to 6.2:1, most 
of the values being between 3.0 and 4.7. Considering the fact that the 
ratios depend on two bioassays, the figures obtained may be considered 
to establish that the activity of the non-ketonic fractions was indeed due 
to the presence of a-estradiol. 

The ratios obtained with the ketonic fractions of the same urines were 
found to be between 12.5:1 and 18.7:1, most falling between 12.5 and 16.6, 
These figures, then, are in good agreement with that for pure estrone 
(14:1) and thus indicate that the ketonic fractions owe their activity to 
estrone. 


TABLE V 


Characterization of Estrogens from Stallion Urine; Bioassay versus Fluorometry 














| Non-ketonic Ketonic 
Preparation No. a So 

| Bioassay | hornnl Bioassay | oe 

a —_ ae y per ml. om units per rat —_ ai 7 per mi. rat _ per 
760 | 1383 | 13.6 | 9.8 200 | 168 | 1.19 
761 476 | 52.5 | 9.1 220 261 | 0.85 
762 | 530 | 90.0 | 5.9 400 625 | 0.64 
771 | 67 | 13.0 | 5.2 140 159 0.88 
772 | 480 | 45.0 | 10.7 33 42 0.79 
773 | 630 | 65.0 8.2 182 242 0.75 

& units per | rat units per 

| ly lly | 
a-Estradiol | 8.5 | | 2 
Estrone | | 1 0.91 











A further means of characterizing unknown estrogenic substances is 
that of comparing figures for rat units, obtained by bioassay, with those 
in terms of mass of estrogenic material, determined by chemical or physi- 
cal methods. The photofluorometric determination of estrogenic steroids 
as described by Jailer (14) is well adapted for this purpose. 

In Table V are given the results obtained by such a comparison of bio- 
assay and photofluorometric data. When estrone and estradiol are 
treated according to Jailer’s method, it is found that they fluoresce equally 
(14) when compared on a weight basis. It is well established, however, 
that estradiol is considerably more active physiologically than is estrone. 
Thus in our laboratory 1 y of estrone is equivalent to 0.9 rat unit, whereas 
1 y of a-estradiol is equivalent to 8.5 rat units. The ratio of rat units to 
micrograms therefore is 0.9 for estrone and 8.5 for a-estradiol. 

The ratios for rat units to micrograms as determined for the non- 
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ketonic fractions of stallion urine varied from 5.2 to 10.7 (Table V). 
Only two of the values were below 8.2. These figures therefore verify 
the conclusion that the chief estrogenic constituent of these fractions is 
a-estradiol. Certainly the figures are far too high to permit the deduc- 
tion that estrone is the major constituent. The two low values may be 
due to the presence of small quantities of estrone which escaped the re- 
peated treatment with Girard’s Reagent T. A more likely assumption, 
however, is that these values are low due to the presence of non-specific 
fluorescent material, since these preparations were not pure and since no 
special attempt was made to use solvents free of fluorescent substances. 

The ratios of rat units to micrograms obtained with the ketonic frac- 
tions confirm our belief that estrone was the major constituent respon- 
sible for the estrogenic activity of these fractions. It may be seen that 
all the values are very near to that obtained with pure estrone. All but 
one of the values are slightly lower than the theoretical and, as above, 
these may also be explained on the basis of the presence in the impure 
extracts of small amounts of non-estrogenic fluorescent material. The 
single high value (Preparation 760) is probably due to slight inherent 
error in the bioassay. It seems improbable that non-ketonic material 
would be carried over into the ketonic fraction, and certainly there is no 
reason to assume that this fraction contained a ketonic substance possess- 
ing greater physiological activity than estrone. 

As described in a previous section, the isolation of the non-ketonic 
estrogen was attempted in the case of the two most potent preparations 
derived from stallion urine. The first preparation, L750C, was obtained 
from the pooled urine of three stallions and is described in Tables I, II, 
and III as Preparation 736. The second isolation was attempted on 
Preparation L755, the non-ketonic fraction derived from the pooled urine 
of an unknown number of stallions.’ In each of these cases the isolation 


* The photofluorometric estimations were performed by Dr. J. W. Jailer to whom 
the author is indebted. 

* Several years before the present work was begun this preparation was given to 
the author by a manufacturer of estrogens. It was represented to be a concentrate 
of pooled stallion urine and to contain large quantities of estrogenic activity in the 
form of estrone. The ketonic fraction was therefore separated and isolation of the 
estrone was attempted. Although pure estrone was isolated, the amount obtained 
was far too small to account for the total activity claimed for the concentrate. After 
some of the present results on individual specimens were obtained, the non-ketonic 
fraction of this material, which had been stored in the refrigerator in alcoholic solu- 
tion, was assayed in this laboratory and was found to contain very large quantities 
of estrogenic activity. This fraction was therefore worked up, including additional 
treatment with Girard’s reagent, and was found to contain a-estradiol in quantities 


approximately sufficient to account for the activity as originally reported by the 
donor of the extract. 











238 a-ESTRADIOL IN. URINE 


was successful. The estrogen was isolated as the di-a-naphthoate which, 
after several recrystallizations, yielded analytical data proving the crys- 
tals to be pure a-estradiol di-a-naphthoate. The amounts isolated were 
in fair agreement with the bioassay figures of the preparations before 
naphthoylation. These data are presented in Table VI. 

It may be seen that the melting points closely approximate those ob- 
tained with authentic a-estradiol di-a-naphthoate. On the other hand, 











TaBLe VI 
a-Estradiol Di-a-naphthoate from Stallion Urine; Analytical and Physical Data 
Pp 7 
= | 
| Yields 
L750C | 200,000 rat units (+ 24 mg. estradiol) — 20.2 mg. di-a-naphthoate (= 
| 9.4 mg. a-estradiol) 
| Recovery 47% (single crop of crystals) 
L7551 | 150,000 rat units (= 18 mg. estradiol) + 36.0 mg. di-a-naphthoate (<168 
mg. a-estradiol) 
Recovery 93% (3 crops of crystals) 
Od 
L750C | M. p. 196.5-197.5 
Mixed m.p., L750C with estradiol di-a-naphthoate 197 -198 
« «  L750C 2“ «estrone a-naphthoate 177 -178.5 
L7551_ | M.p. | 193.5-194 
Mixed m.p., L755I with estradiol di-a-naphthoate | 195 -196.5 
se L755I “§ ~—s estrone a-naphthoate | 184 -203 
pee eee ee ee ae inant te nai root RE 3 ; 
a H 
Elementary analysis | ber cent per cent 
L750C Found 82.75 | 6.26 
Calculated. C4oH3.O, (estradiol di-a-naphthoate)) 82.72 6.25 
- CosH2s0; (estrone a-naphthoate) | 82.04 6.65 








* All melting points uncorrected. 


in each case there was a definite depression of melting point when mixed 
with estrone a-naphthoate. 

Elementary analysis was performed‘ on one of these preparations, 
L750C, and the analytical figures (Table VI) correspond very closely to 
the theoretical for a-estradiol di-a-naphthoate. 

It is therefore definite that the non-ketonic estrogen, accounting for 
45 to 93 per cent of the total estrogenic activity of stallion urine, is indeed 
a-estradiol. This is established by the chemical manipulations and par- 


4The elementary analysis was made by Dr. W. Saschek of the Department 
of Biochemistry of this institution. 
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titions used in the separation of these fractions from other estrogenic 
fractions, by the ratio of size of rat to mouse unit, by the ratio of rat unit 
to weight of estrogen as determined by photofluorometric methods, and, 
finally, by the isolation of the estrogen as the di-a-naphthoate and deter- 
mination of its purity by melting point, mixed melting point, and ele- 
mentary analysis. 

The fact that these high titers of a-estradiol have been observed in 
fresh urine specimens and that losses of this estrogen with coincident but 
non-proportional changes in estrone titer were observed in specimens al- 
lowed to age under non-sterile conditions indicates that considerable care 
must be exercised in making statements concerning the relative amounts 
of the natural estrogens of equine urines unless the freshness, manner of 
aging, and degree of deterioration are known and specified. 


The author wishes to express his appreciation to Miss Barbara Singer 


whose assistance with the many bioassays greatly facilitated the progress 
of this investigation. 


SUMMARY 


The estrogenic substances of a number of specimens of stallion urine, 
immediately after collection and after several months of aging, have been 
partitioned into ketonic, “strongly acidic” non-ketonic, and “weakly 
acidic” non-ketonic fractions. The “strongly acidic” non-ketonic (i.e., 
estriol) fraction was inactive. The ‘weakly acidic’? non-ketonic (es- 
tradiol) fractions of freshly voided urines accounted for 45 to 93 per cent 
of the total estrogenic activity. 

The ketonic estrogen has been identified as estrone by means of the 
mode of separation of the ketonic fraction, by comparison of ratio of size 
of rat unit to mouse unit, and by comparison of physiological activity to 
the mass of estrogenic material as determined by photofluorometric 
analysis. 

By the same methods, the ‘‘weakly acidic” non-ketonic estrogens have 
been identified as a-estradiol. In addition, the non-ketonic estrogen of 
several specimens has been naphthoylated and the isolated derivatives 
proved to be a-estradiol di-a-naphthoate by melting points, mixed melting 
points, and elementary analysis. 

The data therefore verify the finding that fresh stallion urine contains 
large quantities of estrogenic substances and establishes that a large 
proportion of this estrogen is a-estradiol. Allowing the urine to undergo 
putrefaction causes a variable but appreciable loss of estradiol with coin- 
cident variable, but not necessarily proportional, changes in the estrone 
content. Possible reasons for these changes are discussed. 
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MALONATE INHIBITION OF OXIDATIONS IN THE KREBS 
TRICARBOXYLIC ACID CYCLE* 
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The inhibition of succinate oxidation by malonate is a well known phe- 
nomenon. Since the oxidation of succinate to fumarate is an integral 
part of the Krebs cycle of oxidations, it has been generally assumed that 
the inhibitory effect of malonate upon the oxidation of any member of 
the cycle is the result of the inhibition of the succinate to fumarate step. 
However, the present paper provides evidence that malonate inhibits 
oxidations in the cycle by at least two mechanisms: in addition to the 
inhibition resulting from a block of succinate oxidation, malonate inhibits 
oxidation by another mechanism that is believed to involve combination 
with magnesium ions. 


Methods 


The reaction mixture has been described elsewhere (1). It contained 
(final concentrations) M/15 KCl, m/60 K phosphate at pH 7.2, 1.3 xX 
10-° m cytochrome c, and 0.001 m K adenosine triphosphate. The con- 
centrations of MgCl, oxalacetate, pyruvate, K malonate, and rat tissue 
homogenate are given for the separate experiments. When oxygen up- 
take measurements were desired, the Warburg apparatus was used in the 
conventional manner at 38°. Samples were equilibrated for 10 minutes 
and then readings were taken at 10 minute intervals. For some experi- 
ments substrate disappearance was considered a better measure of the 
reaction than oxygen uptake. When the rate of oxygen uptake was not 
required, samples were shaken in open flasks. At the end of the experi- 
ment 2 ml. of 17.5 per cent trichloroacetic acid were added to give a final 
concentration of 7 per cent; the precipitated protein was centrifuged and 
the supernatant fluid analyzed. All experiments were in duplicate, and 
the more important ones were carried out on two or more animals. The 
rats were all young adult males on a stock diet. 

Total keto acids were determined colorimetrically with 2,4-dinitro- 


* This work was aided in part by a grant from the Jonathan Bowman Fund for 
Cancer Research. 


t Merck Postdoctoral Fellow in the Natural Sciences under the National Re- 
search Council. 
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phenylhydrazine (2). In some cases readings of light transmission were 
taken at both 480 and 580 my in order to determine a-ketoglutarate in the 
presence of oxalacetate and pyruvate (2). Since the amount of a-keto- 
glutarate found was relatively small, all of the keto acid was calculated as 
oxalacetate, except in the experiments with variable magnesium, in which 
the a-ketoglutarate was subtracted from total keto acids and the differ. 
ence was called oxalacetate. This figure is really the sum of oxalacetate 
plus pyruvate, since it is not possible to distinguish between these com- 
pounds by the method as used. For the purposes of these experiments 
this fact is advantageous, since conversion of oxalacetate to pyruvate does 
not result in keto acid disappearance. Citrate was determined by the 
method of Natelson, Lugovoy, and Pincus (3).1 


Results 


The inhibition observed when malonate is added to the reaction mixture 
used for the study of oxalacetate oxidation depends not only upon the 
substrates employed but upon the kind of tissue used for the homogenate, 
Table I summarizes the results obtained with heart, kidney, brain, and 
liver homogenates, without substrate, and with oxalacetate, pyruvate, 
and a mixture of oxalacetate and pyruvate. Each substrate combination 
was tested without malonate and with malonate at final concentrations of 
0.004 and 0.02 m. The lower concentration provided an effective block for 
the succinate to fumarate step under the conditions of these experiments, 
in which diffusion barriers were less effective than in slices, and in which 
no succinate was added. That the higher malonate concentration inhib- 
ited not only the succinate to fumarate step but also the conversion of 
oxalacetate and pyruvate to the tricarboxylic acids is indicated by the 
data to follow. The experiments also provide additional data regarding 
the alternative metabolic pathways in the various tissues. 

“Low’’ Malonate—Table I shows that liver differs from the other tissues 
with respect to its ability to metabolize pyruvate. This is shown by the 
rates of oxidation with pyruvate as the sole substrate with the low level of 
malonate. In the case of heart and kidney, the control and inhibited 
rates under these conditions were 89 and 8 and 74 and 5 microliters of 
oxygen per 20 minutes respectively, while with liver the rates were 68 and 
49 microliters. Brain resembled heart and kidney but the effect of ma- 
lonate was less definitive. The result with liver is in agreement with 
Lehninger’s finding (4) that washed residues from isotonic liver homogen- 
ates can oxidize pyruvate to acetoacetate in the presence of malonate. 
Since heart and kidney homogenates could not burn pyruvate in the pres- 


1 We wish to thank Mrs. G. G. Lyle for carrying out this determination. 
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ence of malonate, these tissues must have very little of the alternative 
pathway possessed by liver. Apparently they are also unable to convert 
pyruvate to acetate to any appreciable extent, at least in the absence of 
oxalacetate. 

The inhibition of pyruvate oxidation by 0.004 m malonate in kidney and 
heart was interpreted in terms of an inhibition of the succinate to fumarate 
step. Support for this interpretation was furnished by the experiments 
with oxalacetate alone, which is converted to a mixture of oxalacetate and 


TaBLe [| 
Effect of Malonate on Oxygen Uptake 


Conditions as in the text plus 0.003 m MgCle, 6.7 X 10-* m K phosphate (pH 7.2), 
and 0.0035 M pyruvate, oxalacetate, or an equimoijar mixture. The wet weight of 
each tissue is given in the table and the tissues were used as 10 per cent homogenates 
in isotonic KCl. The values are in microliters of O2 taken up between 10 and 30 
minutes after the flasks were put on the Warburg apparatus. The results are ay- 
erages of experiments with homogenates from two different animals. 








Malonate 
Tissue Substrate a 
0.0 M 0.004 Mm 0.02 Mm 
Heart, 40 mg. None | 3 2 2 
Pyruvate 89 8 6 
Oxalacetate 97 67 56 
Mixture 196 87 45 
Kidney, 30 mg. None 6 4 1 
Pyruvate 74 5 4 
Oxalacetate 138 93 42 
Mixture 146 66 23 
Brain, 50 mg. None 15 6 4 
Pyruvate 46 12 12 
Oxalacetate 57 29 18 
Mixture 74 39 19 
Liver, 50 mg. None 27 15 13 
Pyruvate 68 49 38 
Oxalacetate 86 71 40 
Mixture 85 72 42 


pyruvate, as well as by experiments with both substrates. (The mixture 
was more rapidly oxidized in brain and in heart but not in liver or kidney 
homogenates (cf. (1).) In brain and heart the oxalacetate decarboxylase 
must have been the rate-limiting factor when oxalacetate was the sole 
substrate (see Table I).) Whether oxalacetate alone or the mixture was 
used, the inhibition by the low level of malonate was very much less than 
that observed when pyruvate was the sole substrate in kidney and in heart 
homogenates. By preventing the formation of oxalacetate in the system 
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containing pyruvate alone, the low level of malonate could inhibit pyru- 
vate oxidation via the Krebs cycle, but when oxalacetate was added, the 
importance of the succinate to fumarate step was minimized, and the 
effect of malonate decreased. However, even when oxalacetate was 
added, the inhibition was not overcome and this raised the question of 
whether the malonate had a direct effect on oxalacetate oxidation or 
whether the effect was still due to the blocked succinate oxidation. 

In the case of oxalacetate plus malonate, a block in the cycle will stil] 
have a strong effect on the oxidation rate, because the amount of added 
oxalacetate is necessarily fairly low (1), and unless it is replenished by the 
functioning of the cycle, the pyruvate cannot be oxidized via the cycle. 
On the other hand, larger amounts of fumarate can be added, to give a 
continually renewed supply of oxalacetate, in which case the experiments 
with heart and kidney homogenates are comparable to those by Krebs and 
Eggleston with minced pigeon breast muscle (5, 6). With the usual 
amounts of homogenate and periods of incubation, a plot of oxygen uptake 
against fumarate concentration revealed a constant inhibition of between 
10 and 20 per cent by 0.004 m malonate over a fairly wide range of fuma- 
rate concentrations, when pyruvate was constant at 0.0053 m and oxalace- 
tate was omitted. The result obtained with 0.0053 m fumarate may be 
seen in Fig. 1 (among other data, see below). This amount of inhibition 
was less than the theoretical 20 per cent for a cycle with the succinate to 
fumarate step specifically inhibited. This small inhibition may be ex- 
plained partly on the basis that the latter step was probably not contrib- 
uting the theoretical fraction to the control rate, and partly on the basis 
of the effect of malonate described below. 

“High” Malonate—The results cited above suggest that the main effect 
of malonate at the low level of 0.004 m is to block the Krebs cycle at the 
succinate-fumarate step. Furthermore, the data suggest that for this 
fraction the block is essentially complete at this level of malonate. But 
the data in Table I show that when the malonate concentration was in- 
creased from 0.004 to 0.02 m a further marked reduction in the rate of oxida- 
tion of oxalacetate plus pyruvate was observed. If the succinate step is 
blocked by the low level of malonate, the effect produced by higher levels 
must be elsewhere. In Fig. 1 is presented the effect of malonate on vari- 
ous substrate combinations. The system containing fumarate and pyru- 
vate is the one that is least dependent upon the succinate step, and it was 
affected but little by 0.004.m malonate, as mentioned earlier. However, 
as the concentration of malonate was increased to 0.02 m, a marked in- 
hibition was observed with the fumarate-pyruvate combination, and 
parallel results were obtained with oxalacetate alone. The curves in Fig. 
1 fall into two categories, with the pyruvate alone and the succinate 
showing strong inhibition by 0.004 m malonate and the oxalacetate alone, 
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and pyruvate plus fumarate showing less inhibition at 0.004 m malonate 
but rather a progressively increasing inhibition up to 0.02 m malonate. 
Although these data suggest that the higher malonate level had a direct 
effect upon the oxalacetate oxidation per se, analytical data were needed 
to supplement the measurements of oxygen uptake. 

Analytical Data—If malonate could inhibit oxalacetate oxidation di- 
rectly, one might expect to obtain a decrease in oxalacetate disappear- 
ance in the presence of malonate. Since malonate has been reported to 
inhibit the decarboxylation of oxalacetate (7), the experiments were 
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Fig. 1. Effect of malonate concentration on the oxidation of various intermediates 
in the Krebs tricarboxylic acid cycle. The data are given in microliters of oxygen 
in 30 minutes following a 10 minute equilibration. Conditions as in Table I with 
0.3 ml. of 10 per cent isotonic KC] kidney homogenate per flask. Substrate concen- 
trations, fumarate plus pyruvate, each at 0.0053 m; oxalacetate, 0.0035 M; succinate, 
0.0033 mM; pyruvate, 0.0035 m. 


performed with a mixture of oxalacetate and pyruvate. The results are 
shown in Fig. 2. The effect on keto acid disappearance is closely corre- 
lated with the effect on oxygen uptake described in Fig. 1. The oxidation 
of oxalacetate requires magnesium ions, and the inhibition by malonate 
depends upon the concentration of magnesium, as shown in Fig. 3. The 
theoretical aspects of these curves will be discussed later. Here it may be 
stated that neither succinate nor malate oxidation per se requires mag- 
hesium ions. 

The inhibition of oxalacetate disappearance does not necessarily indi- 
cate a direct effect by malonate. However, measurements of citrate 
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accumulation might be expected to be a more direct indication of a block 
near the Krebs condensation. Table II shows that malonate decreases 
citrate accumulation, and in addition shows that very little citrate aceu- 
mulates when pyruvate is the substrate. A block at the succinate step 
would not be expected to decrease citrate formation unless the supply of 
oxalacetate became limiting, which is unlikely under these conditions. 
To localize further the block produced by the higher levels of malonate, 
experiments were carried out on the single step, malate to oxalacetate. 
When malate is oxidized to oxalacetate, the reverse reaction is so strong 
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Fic. 2. Experimental points and theoretical curve of oxalacetate disappearance 
in 20 minutes versus final malonate concentration. Conditions as in the text plus 
0.0033 m MgCl2, 0.003 m oxalacetate, 0.003 m pyruvate, and 0.3 ml. of 10 per cent 
water homogenate of rat kidney. 

Fic. 3. Experimental points and theoretical curves of oxalacetate disappearance 
in 25 minutes versus final MgCl: concentration. Conditions as in the text plus 0.003 
M oxalacetate and 0.3 ml. of 10 per cent water homogenate of rat kidney. 


that, unless the oxalacetate is removed, the oxidation stops (8). Table 
III shows that malonate strongly inhibited malate oxidation, but, at the 
same time, the rate of keto acid accumulation was increased. This fact 
alone would suggest that the malonate blocked keto acid removal rather 
than malate oxidation, but further support for this interpretation is gained 
from the fact that 0.01 m malonate does not inhibit malate oxidation in a 
system in which oxalacetate is removed by transamination (8). If the 
accumulation of keto acid in this experiment were to be ascribed to a suc- 
cession of back-reactions from the succinate block, one would expect an 
increase in citrate, but here a decrease was found (Table II). 
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Attempts were made to learn whether malonate acted as a competitive 
inhibitor for oxalacetate, pyruvate, or a pyruvate derivative. Since both 


TABLE II 
Citrate Production 


Liver, sample at 20 minutes, conditions as in the text plus 0.0053 m substrate, 0.4 
ml. of 10 per cent liver homogenate in isotonic KCl. Brain, sample at 70 minutes, 
conditions as in the text plus 0.003 m MgCle, 0.0045 m substrate, 0.8 ml. of 10 per cent 
rat brain homogenate in isotonic KCl. 

The results are given in micromoles of citrate per flask. 


Liver 
Additions 9 : 
No malonate 0.03 m malonate 
. ; -| Pate ; - 
Oxalacetate, 0.003 m MgCl. | 1.65 0.81 
“ 0.036“ | 0.93 0.70 
Pyruvate, 0.036 m MgCl. | 0.07 0.04 
| Brain 
Deedee a 
| No malonate 0.01 Mm malonate 
Oxalacetate | 0.70 0.50 
1 oxalacetate to 4 pyruvate | 0.41 0.28 


Pyruvate 0.07 0.06 


TaBe III 
Oxygen Uptake and Production of Keto Acid from Malate 


Conditions as in the text plus 0.003 m MgClo, 0.0027 m malate, and 0.3 ml. of 10 
per cent rat kidney homogenate in isotonic KCl. The data are in micromoles of 
keto acid found per flask at 0 to 40 minutes, and microliters of Oz taken up in the 
10 minutes following equilibration. 





Malonate 
Time 
0.0m 0.01 M 0.03 M 
min oe 
0 0.03 0.04 0.02 
10 0.10 0.19 0.16 
20 0.13 0.20 0.19 
40 0.17 0.21 0.21 
Oz, 10-20 min. 23 5 0 


oxalacetate and malonate inhibit a succinic enzyme, one might expect 
malonate to inhibit an oxalacetic enzyme. However, no support for this 
idea was obtained, since increases in pyruvate had no effect and increases 
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in oxalacetate actually increased the inhibition. The latter effect may 
have involved the magnesium ion in a manner analogous to the effect of 
malonate, which will be discussed below. 


DISCUSSION 


The above data show that the oxidation of oxalacetate to tricarboxylic 
acid is inhibited by malonate, and that Mg** decreases this inhibition, 
though high concentrations of Mg** also inhibit. 

Malonate could cause the observed effect by at least two possible 
mechanisms. It might act as a competitive inhibitor by combining with 
the enzyme at a location where Mg** must combine. This seems unlikely 
because Mgt+ and malonate have opposite charges and are structurally 
dissimilar. A second possibility is that malonate forms a complex with 
Mgt+, lowering the effective concentration of Mg++ in the solution. A 
binary complex with a dissociation constant of 10-* has been reported (9), 

The question now arises as to whether this constant is of the right 
magnitude to explain the observations. An equation in which v is the 


a aes ore VK, Mg j ( 
~ (1+ (1 + 100M)K,Mg)(1 + K2Mg) 2 


velocity of the reaction, and Mg and M are the concentrations of disso- 
ciated Mg** and dissociated malonate, was used to plot the curves in Figs. 
2 and 3. The constants V, K,, and Ke were determined from three ex- 
perimental points in Fig. 3, with malonate absent, and had the values 9.0, 
1.9 X 10%, and 32, respectively. The constant V depends on the amount 
of enzyme present and was determined separately for Fig. 2 from the value 
obtained with no malonate present. The equation was derived by as- 
suming that Mg** reversibly combines with enzyme as a cofactor with 
association constant K, and as an inhibitor with association constant K,, 
and that malonate inhibits by forming a complex with Mgt* combined as 
a cofactor, as well as by lowering the concentration of free Mg++. This 
would be similar to the inhibition of enolase by fluoride, in which an inac- 
tive fluorophosphate is formed with Mg** bound to the enzyme (10). 
We conclude that complex formation could account for the inhibition by 
malonate, because the data obtained with malonate fit the equation de- 
rived from data in the absence of malonate. 

When malonate is added to a reaction mixture, it should not be assumed 
that its only effect is to prevent oxidation of succinate. It can also in- 
hibit the oxidation of oxalacetate, and since a number of other enzyme 
systems also require Mgt+ as a cofactor the effect on these systems 
should also be taken into account. It should also be noted that addition 
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of excess Mg** does not bring the rate of reaction back to its maximum 
value. 

In attempting to block the conversion of succinate to fumarate in the 
cyclic oxidation of oxalacetate, malonate cannot be used without affecting 
oxalacetate removal. It would appear from Fig. 1 that the greatest differ- 
entiation between the two steps can be obtained with a malonate concen- 
tration of about 0.004 M, although it is clear that this has some effect on 
the oxalacetate step, while it is not completely effective in blocking the 
succinate step. Moreover the blocking of succinate oxidation with this 
level of malonate is a function of the succinate concentration. From the 
Michaelis-Menten equation in the form 





wile VS 
~ I (2) 
K, (: + i) +S 
re 
Vo sm I (3) 
K, a S 
(1 + z) a 


in which »; is the velocity in the presence of malonate at molarity J and 
succinate at molarity S, vo is the velocity with no malonate but with sub- 
strate at molarity S, and K, and K; are the dissociation constants of suc- 
cinate and malonate respectively. From this equation, using 6 X 10-% 
Mfor K,, 1 X 10-*m for K; (11), and 0.004 m for J, one obtains a theoreti- 
cal value of 0.037 for v;/vo when S is 0.0033 m. When the value for J 
is corrected for the effect of the Mg (see above), the value for v;/vp becomes 
0.046. In Fig. I, the observed value for v;/v» at 0.0033 m succinate was 
0.11 when corrected for the endogenous respiration and 0.15 with no cor- 
rection. The agreement with the theoretical figure is fairly good, although 
the observed inhibition was lower than the theoretical. It seems likely 
that the actual extent of the inhibition of the succinate step by malonate 
under the conditions described for Fig. 1 is closer to the theoretical on the 
following basis: The data for both v; and vp are based on a 30 minute period, 
during which both rates were declining. However, in the case of the vo 
rate the decline was largely due to the rapid decrease in S, and should be 
extrapolated to zero time to get the true value of vp) when S is 0.0033 . 
On the other hand, the rate for v; could not have declined because of a de- 
crease in S, since the rate was so low that the decrease in S was small in 
comparison with the original amount. The original rate in the case of 
the v; measurement included a larger non-succinate component than the 
Y Measurement, but at this level of respiration the adenosine triphos- 
phate would not be maintained and the rate would decline as the system 








250 MALONATE INHIBITION OF OXIDATIONS 


reverted to succinate oxidation. Thus the final rate in the v; measurement 
might be more logically compared with the initial rate from the vp measure- 
ment. ‘Taking the rate at 30 minutes as the final v; rate, we obtained 
a value of 0.066 for v;/vo. Thus the theoretical inhibition was 95.4 per 
cent, and the observed value was 89 per cent uncorrected and 93.4 per 
cent when corrected. From Equation 3, the theoretical inhibition as suc- 
cinate approaches zero is 97 per cent at 0.004 m. 

Thus the succinate step can be fairly well blocked with 0.004 m malonate 
in the oxalacetate-oxidizing system when no succinate ts added. If suc- 
cinate is added or if the experiment is continued long enough to accumu- 
late appreciable amounts of succinate, the effectiveness of the block will 
decrease to an extent that can be calculated with the aid of Equation 3 
and the dissociation constant for magnesium malonate. However, it 
would appear that it will not be possible to inhibit succinate oxidation 
effectively without partially inhibiting oxalacetate oxidation. 


SUMMARY 


1. Malonate inhibits oxidations in the Krebs tricarboxylic acid cycle in 
fortified homogenates by at least two mechanisms. 

2. In addition to the well known inhibition of succinate oxidation, mal- 
onate inhibits the oxidation of oxalacetate. 

3. The inhibition of oxalacetate oxidation by malonate was shown to 
depend on the concentration of magnesium ions, and it was shown that the 
effect could be explained in terms of the formation of a complex of malo- 
nate with free and bound magnesium. 

4. Observations on various tissues and substrate combinations were 
discussed in terms of the Krebs tricarboxylic acid cycle. 
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THE INFLUENCE OF TEMPERATURE AND HYDROSTATIC 
PRESSURE ON THE DENATURATION OF METHEMO- 
GLOBIN BY URETHANES AND SALICYLATE* 


By FRANCES McKEE SCHLEGEL anp FRANK H. JOHNSON 


(From the Biological Laboratory, Princeton University, Princeton) 
(Received for publication, November 1, 1948) 


The denaturation of methemoglobin by sodium salicylate was found by 
Anson and Mirsky (1) to be reversible upon removal or dilution of the 
salicylate and to have essentially no temperature coefficient. Evidence 
from kinetic studies has shown (2-7) that several proteins are denatured by 
heat and by urethane (reversibly or irreversibly, depending on the con- 
ditions and the protein) with a high temperature coefficient and with a 
volume change of the order of +50 to +100 cc. per mole. Because of the 
volume increase these denaturations are opposable by pressure (8). 

Methemoglobin provides a protein system favorable for spectroscopic 
and colorimetric study, since, in solutions of 1 per cent or less, both the 
native form and the reversibly denatured product in the presence of sali- 
cylate are known to be soluble, and because a marked and characteristic 
difference in the visible light absorption spectrum exists between the two 
forms. This paper reports a study of the effects of pressure, temperature, 
sodium salicylate, and urethanes on the methemoglobin system. 


EXPERIMENTAL 


The colorimeter and the pressure-resistant absorption cell, referred to 
as the bomb, were described previously (9). Advantage is taken of the 
difference between native and denatured methemoglobin in the absorpton 
of the energy of the 546 my mercury line for the quantitative measure of 
the two forms. 

In some experiments, the methemoglobin and denaturant were mixed 
under pressure, by using specially made, very thin walled glass vials into 
which could be sealed the material to be introduced into the solution in 
the bomb after pressure was applied. Pressures up to 680 atmospheres 
can be applied quickly, and as a result the glass vial is crushed. 

For making spectrograms of solutions under pressure a special carriage 
for the colorimeter bombs was made to replace the standard cell carriage 
of the model DU Beckman spectrophotometer. Because the glass windows 
are about 2 cm. thick,’ with openings in the bomb of only 0.5 em. in diam- 


* Aided by a grant from the American Cancer Society, through the Committee on 
Growth of the National Research Council. 
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eter, and because the light path in the solution in the bomb is 5 cm. long 
instead of the standard 1 cm., optical density readings of the Beckman 
instrument, taken while the bombs are being used as cells, cannot be quanti- 
tatively compared to readings made with the standard absorption cell, 
However, comparisons between spectrograms of the same solution, under 
normal and increased pressure, respectively, are valid, as well as com- 
parisons of the contours of the other spectrograms in general. 

Methemoglobin solutions were made from bovine blood and stored ae- 
cording to the methods described by Anson and Mirsky (10). The laked 
blood was filtered through a Berkefeld filter in order to remove the stroma 
before being used or stored. Solutions of methemoglobin in a final con- 
centration of 0.1 per cent were employed in all experiments except in the 
spectroscopic studies of solutions under pressure, in which 0.05 per cent 
solutions were used. 

Reversal of methemoglobin denaturation upon dilution of the salicylate 
and the independence of temperature of this native denatured methemo- 
globin equilibrium were confirmed. 

Methemoglobin in solutions of urethane of concentrations greater than 
4.5 m have the same red color as methemoglobin in 0.5 m sodium salicylate. 
This salicylate concentration, according to Anson and Mirsky (10), gives 
complete denaturation. Fig. 1 shows the correspondence between the 
spectrograms of methemoglobin in 4.5 m urethane and methemoglobin in 
0.5 m salicylate, in contrast to that of native methemoglobin. Dilution 
or removal of salicylate to 0.2 m results in a solution whose spectrogram 
is shown in Fig. 1, Curve 3, indicating a partial reversal of the reaction. 
Dilution of the urethane solutions, however, results in precipitation of the 
protein and, although the red color disappears, the reaction is not simi- 
larly reversed. 

At 24° methemoglobin is precipitated from solutions in proportion to 
the urethane concentration, in the range of 1 to2.5 Mm. In concentrations 
above 2.5 M the amount of precipitate decreases and the supernatant liquid 
becomes increasingly red in color until, when methemoglobin is added to 
a urethane solution to make it 4.5 M in urethane and 0.1 per cent methe- 
moglobin, there is no visible precipitation. In this case, the spectrogram 
of Fig. 1, Curve 2, is obtained. The spectrogram of the supernatant liquid 
from a 2 M urethane solution is represented by Curve 5 of Fig. 1. The 
spectrogram of methemoglobin in 0.5 M urethane is indistinguishable from 
that of native methemoglobin. 

All methemoglobin solutions in concentrations of urethane greater than 
1 M respond to temperature change. If precipitation at 24° is incomplete, 
an increase in temperature will effect essentially complete precipitation 
somewhat before the temperature reaches 60°, or at lower temperatures 
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if the concentration is increased from 1 to 2.5 mM. The red solution char- 
acteristic of the liquid phase in the urethane concentrations greater than 
2.5 M becomes straw-colored above 55°. This color is to the naked eye 
indistinguishable from that of native methemoglobin, but it does not have 
the same spectrogram, as shown in Fig. 2. The color is completely re- 
versed on cooling to the former red color as shown by Curve 4 of Fig. 2. 
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Fic. 1. Curve 1,0.1 per cent native methemoglobin; Curve 2, 0.1 per cent methemo- 
globin in 4.5 m urethane; Curve 3, 0.1 per cent methemoglobin in 0.2 m sodium salicy- 
late; Curve 4, 0.1 per cent methemoglobin in 0.5 m sodium salicylate (complete 
denaturation); Curve 5, supernatant liquid from the precipitate of a solution made 
up to 0.1 per cent methemoglobin and 2 M urethane. 


A solution of native methemoglobin at 60° during a short exposure to this 
temperature has the same spectrogram as at 24°. 

The application of pressures up to 680 atmospheres had no detectable 
effect on the equilibrium between native and denatured methemoglobin 
in the presence of salicylate in concentrations between 0.1 and 0.5 Mm, the 
range in which denaturation varies from 0 to 100 per cent according to 
Anson and Mirsky (1). Likewise pressure had no effect on the light ab- 
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sorption by methemoglobin in 4.5 M urethane. After crystalline salicylate 
had been added under 680 atmospheres of pressure to a methemoglobin 
solution in the colorimeter bomb, a sudden increase of 20 per cent in ab- 
sorption occurred if the pressure fell below about 6 atmospheres. Appli- 
cation of pressure again did not change the absorption, nor did the release 
of it a second time cause further increase of absorption. The spectrogram 
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Fic. 2. Curve 1, 0.1 per cent native methemoglobin at 60°; Curve 2, solution cooled 
to 24° after spectrogram of Curve 1 was taken; Curve 3, 0.1 per cent methemoglobin 


in 4.5 M urethane at 60°; Curve 4, solution cooled to 24° after spectrogram of Curve3 
was taken. 


before and after pressure release on a methemoglobin solution to which 
crystalline sodium salicylate was added under 680 atmospheres of pressure 
are shown in Fig. 3. The spectrogram, under pressure, of a sodium sali- 
cylate solution to which methemoglobin was added under pressure is also 
shown in Fig. 3, Curve 3. 

A series of saturated solutions of various urethanes in methemoglobin 
was prepared. The urethane used and the temperature at which tur- 


eee 








‘late 
obin 
_ ab- 
ppli- 
lease 


yram 


n cooled 
1oglobin 
Curve 3 


y which 
yressure 
m. sali- 
» is also 


oglobin 
ch tur- 


———e 


F. M. SCHLEGEL AND F. H. JOHNSON 255 


V:104 sec? 
oe #1... eo “2 





Le 


LO 


0.8 


0.6 F- 


0.4 - 


0.2 





OPTICAL DENSITY ON BECKMAN SPECTROPHOTOMETER 








| | ! | | 
476 500 526 555 588 625 





ds ms 

Fic. 3. Curve 1, 0.05 per cent methemoglobin in which crystalline salicylate to 
make a 0.5 M solution was dissolved under 680 atmospheres of pressure and the spec- 
trogram taken at this pressure; Curve 2, solution after spectrogram of Curve 1 was 
taken and the pressure released; Curve 3, 0.5 m sodium salicylate solution to which 
methemoglobin to make 0.05 per cent was added under 680 atmospheres of pressure 
and the spectrogram taken at this pressure; Curve 4, 4.5 M urethane solution to which 
methemoglobin to make 0.05 per cent was added under 680 atmospheres of pressure; 
Curve 5, solution after spectrogram of Curve 4 was taken and the pressure released. 


TABLE I 


Temperature for Turbidity in Presence of Various Urethanes* 
I Y 





°C. “G. 
n-Butylearbamate. ... .....-| 88 | n-Octylcarbamate....... coh Jae 
Isoamylearbamate.............. 40 | n-Dodecylearbamate......... 58 
n-Amylearbamate.............. 42 | Ethyl-N-phenylearbamate... 58 (slow) 
n-Hexylearbamate.............. | 43 | Ethyl-N, N-diphenylear- 
a-Aminopropylearbamate....... 4}: RRR ics (oes. Fe ae 





* Some of these urethanes were kindly supplied by Dr. E. C. Kleiderer of the Lilly 


Research Laboratories and by Dr. E. Oppenheimer of Ciba Pharmaceutical Prod- 
ucts, Inc. 


bidity readily developed are listed in Table I. Native methemoglobin 
shows turbidity at 60° only after a protracted period of time, 
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DISCUSSION 


The similarity of the methemoglobin spectrograms in Fig. 1, Curves 2 
and 4 (urethane solution and salicylate solution), indicates that the same 
molecular configuration exists in both cases. Since Anson and Mirsky 
have established in various ways that the protein in 0.5 M salicylate is in 
a proper sense denatured methemoglobin, it seems clear that urethane 
also denatures this protein. This result is in agreement with the observed 
effect of urethane in kinetic studies of luminescence, tobacco mosaic virus, 
and invertase (2-7). Moreover, as in the previous studies with the other 
systems mentioned above, the equilibrium between the protein and ure- 
thane is markedly affected by temperature. This is in contrast to the 
reaction involving salicylate. 

Precipitation of methemoglobin by urethane is dependent upon tem- 
perature, with urethane concentrations less than 2.5 mM. The red solution 
at concentrations greater than 2.5 m becomes straw-colored on heating, 
but the straw color of such a solution, though reversible to red on cooling, 
is actually not the straw color of native methemoglobin, as shown by the 
spectrograms of Fig. 2, Curves 1 and 3. Thus, heating does not reverse 
the denaturation as it might appear, and a different equilibrium is evi- 
dently concerned. 

Again, unlike the effect in salicylate solutions, reversal of denaturation 
does not result from dilution of a 4.5 m urethane solution of methemo- 
globin. Rather, the molecules of the red solution react in some manner 
to form a protein precipitate which cannot be redissolved in saturated ure- 
thane. The supernatant of such a precipitate has a spectrogram with a 
contour like that of the red solution, which indicates that denaturation is 
still complete. The reactions of methemoglobin with urethane are ob- 
viously more complex than with salicylate. 

Since pressure had no effect on the absorption of energy from ‘the 546 
my line by methemoglobin solutions in any concentration of sodium sali- 
cylate, nor in 4.5 m urethane, the denaturation to this form evidently pro- 
ceeds with no net volume change. If denaturation could be prevented by 
pressure, it would not have been complete when methemoglobin was added 
under 680 atmospheres to sodium salicylate solution, as it is shown to be 
by the spectrogram of Fig. 3, Curve 3. What appears to be prevention 
of denaturation by pressure when crystalline salicylate is dissolved in 
methemoglobin solution under 680 atmospheres of pressure (Curve 1, Fig. 
3) must be the result of a complex form of salicylate in solution under 
pressure which is not 9s effective a denaturant as the salicylate form in 
solutions at pressures of a few atmospheres or less. 

The temperatures at which the different urethanes produced turbidity 
as compared to the temperature at which a solution of native methemo- 
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globin becomes turbid indicate that all these urethanes promote dena- 
turation. The order of temperatures at which precipitation occurs is the 
order of increasing lyophobia resulting from the groups which replace the 
ethyl group of urethane. 


SUMMARY 


1. Urethane in a concentration of 4.5 m denatures methemoglobin to 
the same product as that caused by salicylate, but the innatured methemo- 
globin behaves differently with respect to temperature and to dilution of 
the urethane than it does with salicylate. 

2. There is no net volume change in the denaturation of methemoglobin 
by salicylate nor by urethane of 4.5 m. 


3. Each of a series of urethanes appears to be an effective denaturant, 
and the temperature at which denaturation is observed decreases with in- 
creasing lyophobia of the urethane derivatives, according to the substit- 
uents in place of the ethyl group of urethane. 
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A STUDY OF THE METABOLISM OF DIETARY HYPOXAN- 
THINE AND XANTHINE IN THE RAT* 
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It was previously reported (1) that dietary adenine is utilized by the 
rat as a precursor of both the adenine and the guanine of nucleic acids. 
Although several compounds containing 1 to 3 carbons have been shown 
to be incorporated into uric acid (2, 3) or guanine (4), none of the more 
complex precursors of the purine ring has been identified. 

The postulation that the immediate metabolic precursor of adenine 
is the corresponding oxygen analogue, hypoxanthine, is supported by 
several lines of evidence. The demonstration by Krebs et al. (5, 6) 
that pigeon liver slices synthesize hypoxanthine led him to suggest that 
it is an intermediate in the formation of uric acid in the pigeon. Sonne, 
Buchanan, and Delluva (2) have pointed out that their results are in 
accord with Krebs’ hypothesis. Greenberg (7) has demonstrated that 
formic acid, which is a precursor of uric acid in the intact animal (2), 
is also incorporated into the hypoxanthine produced in pigeon liver ho- 
mogenates. In the case of Neurospora crassa, forty-five adenine-re- 
quiring mutants have been characterized, and of these forty-three utilize 
hypoxanthine in lieu of adenine for their purine requirements (8). The 
interconvertibility of the 5’-nucleotides of hypoxanthine and adenine, 
muscle inosinic and muscle adenylic acids, has been demonstrated through 
the rapid uptake of isotopic NH; into the 6-amino group of this adenylic 
acid (9). 

In addition, folic acid-deficient Escherichia coli produces (10, 11) 5(4)- 
amino-4(5)-imidazolecarboxamide and it has been shown (12) that glycine 
(or threonine) in the medium stimulates the production of this imidazole. 
This, in conjunction with the data showing that glycine is a specific 
precursor of uric acid, supports the suggestion of the latter authors that 
this imidazole derivative plus formic acid is the immediate precursor 
of hypoxanthine and thence of other purines. 

If these arguments are valid and if hypoxanthine is converted to ade- 

* The authors wish to acknowledge the assistance of the National Cancer Institute 
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nine by replacement of the 6-hydroxyl by an amino group, a similar re- 
lationship might result in the amination of the 2 position of xanthine 
to yield guanine. 

To test these hypotheses we have prepared hypoxanthine and xan- 
thine, each labeled with isotopic nitrogen in the 1 and 3 positions, 
Hypoxanthine was first prepared by the deamination of isotopic adenine: 
however, the product so prepared is difficult to free from the last traces 
of adenine and it was preferable to synthesize hypoxanthine independ- 
ently. The sample of xanthine was prepared by deamination of isotopic 
guanine. 


TABLE I 
Feeding of Hypoxanthine and Xanthine 





| Hypoxanthine, 26 mg. | Hypoxanthine, 200 mg. Xanthine, 105 mg, 
} per kilo per day per kilo per day per kilo per day 





| Calculated | | Calculated | Calculated 
Atom per | on basis | Atom per | on basis | Atom per | on basis 
—— of 100% in | cent excess | of 100% in | cent excess | of 100% in 
Ll 


| compound | Nis | compound | Nis compound 
"fed | | "fed | fed 


| 
Dietary purine 4.34 | 100 | 7.67 | 100 =| 5.37 100 
Nucleic acids 0.006 | 0.14) 0.011 | 0.14 | 0.006t 0.11 
Purines from nucleic | 0.002 0.05| 0.0148 0.18 0.003§ | 0.06 
acids | | | | 
Copper purines from | 0.004 | 0.09 0.003 | 0.04 








muscle | | 
Muscle protein _ 0.000 | 0.00 | 
Allantoin | 0.9388 | 7.7 | 2.06 | 988.5 | 1.82 24.6 
Urea | 0.009 = 0.21 | :~0.017 0.22 | 0.015 0.28 
Ammonia | 0.011 | 0.25 | | 0.029 0.54 
Total urinary N | 0.024 | | 0.256 | | 





* Consolidated-Nier ratio mass spectrometer, average error + 0.002. 
+ Sodium nucleates. 

t Purine hydrochlorides. 

§ Copper purines. 


Hypoxanthine was fed to rats in two experiments, at levels of 26 and 
200 mg. per kilo of body weight per day. These levels correspond on 4 
molar basis to the two levels at which adenine was administered to rats 
(1). The results (Table I) show that dietary hypoxanthine is not uti- 
lized as a precursor of nucleic acid purines nor of the extractable purines 
of muscle. Conversion to urinary allantoin was extensive; 7.7 and 38. 
per cent of the urinary allantoin were derived from the labeled dietary 
hypoxanthine. These values are somewhat higher than those obtained 
from the corresponding levels of adenine, which were 5.5 and 27.0. 

The possibility remains that some derivative of hypoxanthine may 
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be involved in the elaboration of nucleic acid purines but, in the rat, 
the mediation of the free dietary hypoxanthine is excluded. 

The labeled xanthine was fed at a level of 105 mg. per kilo of rat per 
day, which is 3.5 times the lower level at which adenine and hypoxan- 
thine were administered. There was no incorporation of its isotopic 
nitrogen into the nucleic acids, but it also was extensively converted 
to allantoin. 

In the case of both hypoxanthine and xanthine, little isotopic nitrogen 
was found in the ammonia or in the urea. The values obtained repre- 
sent a slightly more significant degradation to ammonia than resulted 
when uric acid was fed (13), when the actual atom per cent excess N¥ 
of the allantoin and the urea was 5.37 and 0.006 respectively. The fact 
that the ring nitrogens of these oxypurines lead to no more than traces 
of ammonia and urea substantiates the earlier supposition that the ap- 
preciable amount of N™ found in the urea after the feeding of guanine 


(1) was indeed derived from the labeled 2-amino group of the guanine, 
and not from its ring nitrogens. 


EXPERIMENTAL 


Hypoxanthine, from Adenine—The deamination (14) of 850 mg. of 
adenine labeled in the | and 3 positions (1) (6.4 atom per cent excess 
N%) yielded 271 mg. of hypoxanthine. Counter-current distribution 
analysis (15) in n-butanol-1 m phosphate buffer, pH 6.5, showed that this 
specimen of hypoxanthine (K = 0.55) contained nearly 20 per cent of 
adenine (K = 2.2). These were separated by a twenty-one plate pre- 
parative distribution in n-butanol-water, in which the distribution con- 
stants are nearly the same as in the buffer, but from which the recovery 
could be accomplished more easily because of the absence of salts. 500 
cc. separatory funnels were used with 200 ce. portions of each solvent in 
each. The contents of Funnels 14 through 19 were combined and con- 
centrated in vacuo (in contrast to the situation in the “distribution ma- 
chine” the lower phase was transferred from funnel to funnel, so that 
the more water-soluble hypoxanthine migrated more rapidly down the 
series of funnels). The purified hypoxanthine, 64 mg., was recovered 
by crystallization from water and an analytical counter-current distri- 
bution showed it to contain not more than a fraction of a per cent of 
adenine. 52 mg. of this product were mixed with 39 mg. of normal hy- 


poxanthine and this sample, containing 4.34 atom per cent excess N¥, 
was fed in the first experiment. 


| Analysis—C,H,ON,. Calculated,! N 41.3; found, N 39.7 








‘Corrected for content of isotopic nitrogen. 
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Hypoxanthine, Synthesis—Thiourea, containing 16 per cent excess N¥, 
was prepared (16) in 91 per cent yield from ammonium nitrate. 

4 ,5-Diamino-6-hydroxypyrimidine hydrochloride was prepared aec- 
cording to the procedures described (17), except that, in the dethiolation, 
4 gm. of Raney’s nickel, 1.0 gm. of anhydrous potassium carbonate, and 
10 cc. of water were used for 1.85 gm. of the 4,5-diamino-6-hydroxy-2- 
thiopyrimidine. After the solution had been refluxed, Darco was added 
and the solution was warmed and filtered. The filtrate was cooled and 
saturated with dry HCl, again cooled, and the product collected. 1.43 
gm. of product containing potassium chloride were obtained. The spee- 
trum of the crude product agreed with that of 4 ,5-diamino-6-hydroxy- 
pyrimidine (18) and it was estimated that 640 mg. of the pyrimidine 
hydrochloride were present. A second crop was precipitated by the 
addition of alcohol and it contained about 630 mg. of the pyrimidine. 

The closure of the imidazole ring to form hypoxanthine was accom- 
plished by the method developed for isoguanine and 2,6-diaminopurine 
(19). The 1.43 gm. of crude product and 11 ce. of 1 N formic acid in 
anhydrous formamide were heated in a sealed tube at 160° for 2 hours. 
The tube was opened and the contents were evaporated to dryness on a 
steam bath under a current of air. The residue was recrystallized from 
60 cc. of water, after treatment with Darco, and 310 mg., 71 per cent 
based upon the estimated quantity of the pyrimidine used, were ob- 
tained. The hypoxanthine contained 7.67 atom per cent excess N®. 


Analysis—C;H,ON,. Calculate d,! N 41.4; found, 41.3 


Counter-current distribution analysis in n-butanol-1 mM phosphate, pH 
6.6, showed a K = 050 and a homogeneity of 98 + 2 per cent. 

Xanthine—Xanthine containing isotopic nitrogen in the | and 3 posi- 
tions was prepared by the deamination (20) of guanine, which contained 
an excess of isotopic nitrogen in the 2-amino group and in the | and 3 
nitrogens of the ring (1). 815 mg. of xanthine containing 5.37 atom 


per cent excess N® were obtained from 1 gm. of guanine. 
Analysis—C;H,O.N,. Calculated,! N 36.8; found, N 36.1 


Counter-current distribution analysis showed it to be 98 + 2 per cent 
homogeneous. 

Feeding Experiments—The animals used were adult male Sherman 
strain rats. For a few days prior to the experiment, they were fed a 
diet consisting of 60 gm. (dry weight) per kilo of rat per day of ground 
pellets of Purina chow mixed with water. The urine was collected under 
toluene. The animals were fed the labeled compound admixed with 
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the moistened food for 3 or 4 days. On the next day they were given 
pellets and were sacrificed by urethane anesthesia at the end of that day. 

Hypoxanthine Feeding; Experiment I—Four rats with a combined weight 
of 1162 gm. were fed 91 mg. of hypoxanthine, prepared from adenine, over 
a 3 day period. 

Experiment II—Two rats weighing a total of 430 gm. were fed 258 
mg. of synthetic hypoxanthine over a period of 3 days. 

Xanthine Feeding—Four rats weighing a total of 1356 gm. were fed 
571 mg. of xanthine over a period of 4 days and they were sacrificed on 
the 5th day. 

Isolations—From the urine ammonia was isolated by adsorption on 
permutit, urea as the dixanthydrol derivative, and allantoin via the 
mercury salt (1). Sodium nucleates, nucleic acids, and purine hydro- 
chlorides (1) or copper purines (21) were isolated from the combined 
viscera. 

In the two hypoxanthine experiments, copper purines were also iso- 
lated from the frozen muscle. The muscle was homogenized in a Waring 
blendor with 10 per cent trichloroacetic acid and the mixture was heated 
at 90° for 20 minutes. It was then strained through cheese-cloth and 
the residue was again extracted with hot 5 per cent trichloroacetic acid. 
The combined extracts were filtered through Celite by suction and the 
copper purines were isolated (21). 


The authors wish to thank Roscoe C. Funk, Jr., and Alice Angelos 
for the analyses, Arthur Brandt for assistance with the counter-current 
distribution, and Dr. Harold Beyer for cooperation with the mass 
spectrometer. 


SUMMARY 


Isotopically labeled hypoxanthine and xanthine have been prepared 
by the deamination of labeled adenine and guanine. Labeled hypo- 
xanthine has also been synthesized independently. 

Dietary hypoxanthine and xanthine are ineffective as precursors of 
nucleic acids in the rat but are extensively converted to allantoin. 
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THE p-PHENYLAZOBENZOYL ESTERS OF THE NATURAL ES- 
TROGENS AND THEIR SEPARATION BY CHROMATO- 
GRAPHIC ADSORPTION* 


By ERNEST J. UMBERGER anv JACK M. CURTIS 


(From the Division of Pharmacology, Food and Drug Administration, Federal Security 
Agency, Washington) 


(Received for publication, October 20, 1948) 


The colored esters of p-phenylazobenzoic acid have been used for the 
chromatographic separation of sterols (1, 2), tocopherols (3), sugars (4, 5), 
and sugar derivatives (5-11). Bergel and Cohen (12) prepared the p- 
phenylazobenzoyl ester of estrone but were unable to effect a purification 
of the ester by chromatographing on alumina. Hydrolysis of the recrys- 
tallized ester, however, afforded a better means of purifying estrone than 
did recrystallization of the estrone directly from alcohol. 

The possibility of separating the naturally occurring estrogenic hormones 
found in extracts of pregnancy urine by means of chromatographing their 
p-phenylazobenzoyl (abbreviated azoyl) esters was investigated. Since 
the azoyl esters are all highly colored, it was hoped that this method 
might be made the basis for a colorimetric chemical assay. The azoyl 
esters of six of the natural estrogens were prepared and were found to be 
strongly adsorbed on Florisil from an equal mixture of benzene and high 
boiling petroleum ether (Skellysolve C). After development and elution 
of the zones with increasing concentrations of ethanol in Skellysolve C, 
the esters were quantitatively separated into monoazoates and diazoates. 
A procedure, which thus far has been applied only to pure solutions, is 
described for the quantitative estimation of estrone and a-estradiol in a 
mixture. It entails (1) the quantitative preparation of the azoyl esters, 
(2) the removal of the excess azoyl chloride by chromatographic adsorption 
on alumina, (3) the separation of estrone azoate and a-estradiol diazoate 
by chromatographic adsorption on Florisil, and (4) the measurement of 
the color on the Beckman spectrophotometer. 


EXPERIMENTAL 


Preparation of Azoyl Esters of Six Natural Estrogens—Quantitative 
yields of estrone azoate, equilin azoate, equilenin azoate, a-estradiol 
diazoate, B-estradiol diazoate, and estriol triazoate were obtained in the 


*The material in this report was taken from a dissertation submitted by Ernest 
J. Umberger to the Graduate School of Georgetown University in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy, June, 1948. 
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following manner: From 10 to 30 mg. of the dry estrogen were weighed 
into a dry glass-stoppered test-tube, and 100 mg. of azoyl chloride (13) 
and 2.0 ml. of anhydrous pyridine (purified by oxidation with ceric sulfate 
according to the method of Wilson and Hughes (14)) were added. The 
tube was stoppered, the stopper secured with a holder, and the tube heated 
in the steam bath for 2 hours. Immediately upon removal from the steam 
bath, the contents of the tube were diluted with 5.0 ml. of anhydrous 
pyridine and 10 ml. of a solution of 5 per cent pyridine in benzene. The 
excess azoyl chloride was removed by passing the solution through a chro- 
matographic column containing 10 gm. of activated alumina wet with 10 
ml. of 5 per cent pyridine in benzene. The ester was completely removed 
from the column by washing with 30 ml. of 5 per cent pyridine in benzene, 





TABLE I 
Melting Points of p-Phenylazobenzoyl Esters of Several Natural Estrogens 
Ester | M. p. 
| °C. 
IN So Bees, Sag dk a ays Ari S/F VATS | 221 .5-223.5 
A ee ee | 243 -248 
ie ak aaa nd kW AS NNR RN Nn son ps ens oe TAT Ad 251 -253 
I tt OE eh Oe ah oaslewed 186 .5-187.5 
“id, Le ee or eee | 152 -153 
DET BUR SRIINCIROMOURD L315. bx eke Sisbie do iS ss oo eeens hbase eee | 174 -175 
“§ OES RE ee ee ete | 124 -126 
i i Scot ae aula a ini ee | 138 -140 


* Bergel and Cohen (12) found the melting point of estrone azoate to be 226.5- 
227.5° (corrected) when recrystallized from ethyl acetate. 

{ Recrystallized from a dioxane-water mixture. All the other compounds were 
recrystallized from a mixture of carbon disulfide and absolute alcohol. 





The. solvent was removed either by distillation or by evaporation on the 
steam bath in a small beaker under a current of air. The yields were 
always slightly greater than 100 per cent owing to a small amount of im- 
purity formed in a side reaction between the pyridine and the azoy! chlo- 
ride. The esters were recrystallized from a mixture of carbon disulfide 
and absolute ethyl alcohol and their melting points determined by use of a 
short stem thermometer. The results are shown in Table I. ‘The estra- 
diol diazoates contained 1 molecule of water of crystallization when re- 
crystallized from a dioxane-water mixture. The composition of the esters 
was checked by a nitrogen determination. 

The esters are all orange to red-colored solids, generally soluble in ben- 


1 Nitrogen was determined by HI reduction followed by the Kjeldahl method. 
The authors are indebted to Mrs. Dorris C. Chambers, Division of Allergen Investi- 


gations, United States Department of Agriculture, for these determinations. 
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zene, pyridine, dioxane, chloroform, carbon disulfide, and acetone, but 
insoluble, or very sparingly soluble, in petroleum ether, ethyl ether, nitro- 
methane, ethanol, and methanol. 

Spectral absorption curves showed the typical absorption for the azo 
grouping with a maximum absorbency at 450 mu, the intensity of the ab- 
sorption being proportional to the number of azo groupings present. 

Behavior of Estrogen Azoates on Chromatographic Adsorption Columns— 
In order to select a combination of adsorbent and solvents for the chroma- 
tographic separation of estrone azoate and a-estradiol diazoate, a large 
number of trials were made by dissolving a few crystals of each ester in a 
non-polar solvent and passing the solution through a column of adsorbent 
approximately 1 cm. in diameter and from 10 to 15 cm. long. When 
adsorption occurred, the column was washed with more of the same solvent 
and, in general, the zone moved down the column very slowly. To de- 
velop the chromatogram and to hasten elution of one of the fractions, 
amore polar solvent was added to the original solvent. A partial list of 
the combinations tried is shown in Table II. From the general appearance 
of fhe zones on the column, it seemed as though the separation of estrone 
azoate and a-estradiol diazoate might be accomplished by adsorption on 
alumina with benzene and ethanol as the solvents, on Florisil with Skelly- 
solve C and ethanol or methanol, on a mixture of silicic acid and Filter- 
Cel with carbon disulfide and nitromethane, or on a mixture of Silene EF 
and Filter-Cel with Skellysolve C and ethanol. Adsorption of the esters 
on alumina from a benzene solution and elution with a mixture of benzene 
and ethanol failed to give a quantitative separation, since both zones 
appeared to be eluted as mixtures. A quantitative separation has been 
achieved by adsorption on Florisil from an equal mixture of benzene and 
Skellysolve C and elution with Skellysolve C and ethanol. 

The anomalous effect described by Schroeder (15) as “double zoning” 
has been observed also with the estrogen azoates. For example, when 
a-estradiol diazoate, which appeared from other criteria to be pure, was 
dissolved in a mixture of equal volumes of benzene and Skellysolve C 
and passed over Florisil, all of the ester was adsorbed in a narrow zone at 
the top of the column. On development with 0.25 per cent ethanol in 
Skellysolve C, two well separated zones were formed. When these zones 
were eluted and rechromatographed, both again produced two zones on 
the column. Materials isolated from both zones appeared to be identical. 
This phenomenon was found to occur in every case in which a separation 
of estrone azoate and a-estradiol diazoate could be made. In spite of the 
appearance of two zones on the column, on continued elution all of the 
material was eluted as a single zone with very long tailing, as demonstrated 
by an elution curve (Fig. 1). 

No conditions have been found for the separation of the diazoates of 
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TaBLe II 


Survey of Adsorbents and Solvents for Chromatographic Separation of Estrone Azoate 
and a-Estradiol Diazoate 





es 





























Solvents 
Adsorbents* — a a Observations 
Non-polar | Polar 
Alumina Benzene | Ethanol | Adsorbed; separation indicated 
- | Methanol | 6 es “ 
Ethylene di- | | Not adsorbed 
chloride | | 
Florisil Benzene | Ethanol | Adsorbed; separation indicated 
‘i Methanol “ os as 
| Skellysolve C | Ethanol e se 
#e ** | Methanol | " % “ 
*) ‘« | Ether | ” ” “ 
e ‘* | Nitroethane si ne a 
iEthylene_ di- “¢ ee “6 
chloride 
Carbon disul- “ 6 
fide 
Silicic acid | Skellysolve C | Ethanol " no separation 
+ Celite Ethylene _ di- ” separation indicated 
chloride 
Carbon di- | Ethanol ” no separation 
sulfide 
bg Methanol a “ a 
| ii A Acetone Ks “ ee 
1 = Nitromethane - separation indicated 
a " Nitroethane s . " 
Chloroform Methanol 2 “ " 
7 Nitromethane “ no separation 
Magnesium ox- | Skellysolve C | Ethanol nt: vs “ 
ide + Celite | Ethylene di- Not adsorbed 
chloride 
Calcium oxide | Carbon disul- i ” 
fide 
Calcium car-| Ethylene di- bi “ 
bonate | chloride | | 
Silene EF + | Skellysolve C | Ethanol | Adsorbed; separation indicated 
Celite | 





* The adsorbents were obtained from the following sources: alumina, activated 
alumina, Alorco F-20 (80 to 100 mesh), Aluminum Ore Company, East St. Louis, 
Illinois; Florisil, 100 to 200 mesh, Floridin Company, Inc., Warren, Pennsylvania; 
silicic acid, Mallinckrodt, precipitated; Celite, No. 535, Johns-Manville; mag- 
nesium oxide, Mallinckrodt, analytical reagent; calcium oxide, analytical reagent, 
ignited, General Chemical Company, New York; calcium carbonate, analytical 
reagent, General Chemical Company, New York; Silene EF, courtesy of Pittsburgh 
Plate Glass Company, Columbia Chemical Division, Barberton, Ohio. 
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a-estradiol and 8-estradiol, nor have the azoates of estrone, equilin, and 
equilenin been separated. It appears that only a separation of the mono- 
azoates from the diazoates can be accomplished. The diazoates form the 
lower zone on the column and are eluted first. A few trials with estriol 
triazoate indicate that its adsorption properties are similar to those of the 
monoazoates. a-Estradiol diazoate can be separated from estriol triazoate 

















06+ —— 0.25% EtOH IN SSC————|-1.0% EtOH IN~ 
$sc 
0.5- 
X 
E o al ESTRONE 
5 AZOATE 
2 
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> 0.3} 
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s DIAZOATE 
a 
0.2- 
on | 
\, \ 
0.0 > Be iethete —— Woon ont J 
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VOLUME OF SOLVENT (ML.) 


Fia. 1. Elution curve for a mixture of a-estradiol diazoate and estrone azoate 
adsorbed on Florisil and eluted with Skellysolve C and ethanol. Amount of Florisil, 
50gm. The eluate was collected in 5 and 10 ml. lots, and the optical density of each 
was measured on the Beckman spectrophotometer. The a-estradiol diazoate was 
eluted with 200 ml. of 0.25 per cent ethanol in Skellysolve C and the estrone azoate 
with 80 ml. of 1.0 per cent ethanol in Skellysolve C. 


on the Florisil or silicic acid columns, but estrone azoate and estriol tri- 
azoate form continuous chromatograms. 

Quantitative Separation of Azoyl Esters of Estrogens into Monoazoates 
and Diazoates—The separation of estrone azoate and a-estradiol diazoate 
may be used as an example. The column was prepared by sealing a glass 
tube about 20 cm. long and of 10 mm. outside diameter to the outer part 
ofa standard taper 24/40 joint. The lower end was drawn down to about 
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3 mm. inside diameter and a wad of cotton used to hold the adsorbent. 
The standard taper joint provided a chamber for holding about 25 ml. of 
solvent and could be connected to an outlet for applying pressure. About 
5.5 gm. of Florisil (100 to 200 mesh) was slurried into the column with 25 
ml. of 5 per cent ethanol in Skellysolve C. The use of ethanol at this 
stage prevented the adsorbent from sticking to the sides in the upper part 
of the column. Air pressure of about 500 mm. of mercury was applied 
and the column gently tapped with a wooden stick while the adsorbent 
settled. The column was then washed with 25 ml. of Skellysolve C to 
remove the alcohol. A solution of 5.7 mg. of a-estradiol diazoate and 2.5 
mg. of estrone azoate, dissolved in 10 ml. of an equal mixture of benzene 
and Skellysolve C, was passed through the column without pressure. The 
esters were washed in with 10 ml. of Skellysolve C. All of the color was 
adsorbed in a zone about 1.8 cm. wide at the top of the adsorbent. De- 
velopment with 0.5 per cent ethanol in Skellysolve C caused separation 
into two zones and the elution of the lower zone. The first 40 ml. of fil- 
trate were discarded and the second 40 ml. containing the lower zone were 
collected as Fraction 1. Elution of the second zone was accomplished 
with 40 ml. of 2.0 per cent ethanol in Skellysolve C and was collected as 
Fraction 2. After evaporation of the solvent, the residue from Fraction | 
weighed 5.7 mg. and melted without recrystallization at 186-188°. The 
residue from Fraction 2 weighed 2.5 mg. and melted without recrystalliza- 
tion at 212-214°. Quantitative recovery of the esters approximating 
chemical purity was, therefore, obtained. 

Determination of Estrone and a-Estradiol in Mixtures in Pure Solution 
by Means of Their Colored Azoyl Esters—Based on the foregoing, an ex- 
periment was carried out in which the components of various mixtures 
of estrone and a-estradiol were determined. Separate solutions of estrone 
and a-estradiol were prepared in absolute alcohol containing 1.0 mg. of 
the estrogen per ml. In six reaction tubes were added the appropriate 
amounts of the alcohol solutions to give the amounts of estrogens listed in 
Table III. The alcohol solvent was evaporated to dryness on the steam 
bath under a current of air. To each tube was added 1.0 ml. of purified 
pyridine and the solution again evaporated to dryness. The tubes and 
stoppers were then dried over phosphorus pentoxide under a vacuum for 
1 hour. To each tube were added 100 mg. of azoyl chloride and 2.0 ml. 
of anhydrous purified pyridine, the stoppers secured in place, and the 
tubes heated in the steam bath 2 hours. Immediately upon removal 
from the steam bath, the contents of each tube were diluted with 5.0 ml. 
of pyridine and 10 ml. of 5 per cent pyridine in benzene. For removal of 
the excess azoyl chloride, a chromatographic adsorption tube 20 mm. X 
200 mm. was used. 10 gm. of activated alumina were poured into the 





bent. 
mi. of 
\bout 
ith 25 
t this 
r part 
pplied 
rbent 
» C to 
nd 2.5 
anzene 
The 

or was 
De- 
wration 
|. of fil- 
1e were 
plished 
cted as 
ction | 
The 
stalliza- 
imating 


Solution 
, an eXx- 
nixtures 
estrone 
) mg. of 
yropriate 
listed in 
ie steam 
purified 
ibes and 
‘uum for 
1 2.0 mi. 
and the 
removal 
h 5.0 ml. 
moval of 
) mm. X 
into the 


E. J. UMBERGER AND J. M. CURTIS 271 
tube under suction, the suction released, and the adsorbent wet with 10 
ml. of 5 per cent pyridine in benzene. The sample solution was poured 
through and the reaction tube washed out with 30 ml. of 5 per cent pyri- 
dine in benzene and added to the column in small portions. The ester 
solution was then distilled to dryness under a vacuum, air being drawn 
over the residue through the inlet tube at the end to remove the last 
traces of pyridine. 

The ester residue was dissolved in 5 ml. of benzene and 5 ml. of Skelly- 
solve C. This solution was then passed through the Florisil column de- 
scribed above, except that only 5.0 gm. of Florisil were used. After the 
solution was washed in with 10 ml. of Skellysolve C, the column was de- 


TaBLeE III 


Data on Determination of Estrone and a-Estradiol in Mixture in Pure Solution by 
Means of Their Colored Azoyl Esters 





Optical densit 
witli . | Total optical density; diazoate 
+ monoazoate fraction 





Sample ar Estrone 
No. | —— ited 





| Found* Expectedt, Found* 

















i. | | ee Found*® | Expectedt Difference 

= =) ees | 

oan a mg. mg. | 
l | 0.00 | 0.75 | 0.006 | 0.000 | 0.421 | 0 a 0.427 | 0.423 | +0.004 
2 | 0.15 | 0.75 | 0.162 0.161 | 0.432 | 0.423 | 0.594 | 0.584 | +0.010 
3 | 0.30 0.50 | 0.322 0.322 | 0.279 | 0. poe | 0.601 | 0.604 | —0.003 
4 | 0.45 0.25 | 0.480 0.483 | 0.141 | 0.141 | 0.621 | 0.624 | —0.003 
5 | 0.45 0.00 | 0.435 | 0.483 0.051 | 0.000 | 0.486 | 0.483 | +0.003 








“é * These values are corrected for a blank in which no estrogens were added and 


which gave optical densities of 0.016 for the diazoate fraction and 0.011 for the 
monoazoate fraction. 


+ The optical density expected was calculated on the basis that the slope for a- 


estradiol is 0.161 per 0.15 mg. (or 1.073 per mg.) and the slope for estrone is 0.141 
per 0.25 mg. (or 0.564 per mg.). 


veloped with 125 ml. of 0.125 per cent ethanol in Skellysolve C. This 
caused the elution of a reagent impurity zone and caused the estrone 
azoate and a-estradiol diazoate to separate into distinct zones. A small 
amount of pressure was applied so that the flow of solvent from the column 
was between 50 and 60 drops per minute. The receivers were changed 
and the a-estradiol diazoate fraction eluted with 0.25 per cent ethanol in 
Skellysolve C. The amount of this solvent was governed by the progress 
of the estrone azoate zone, the receivers being changed when it appeared 
that the front boundary of the estrone azoate zone had reached the end 
of the column. Between 185 and 235 ml. were required. The estrone 
azoate zone was then eluted with 80 ml. of 2.0 per cent ethanol in Skelly- 
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solve C. The fractions, which had been collected in 250 ml. round bottom 
distilling flasks, were distilled to dryness under a vacuum and the resi- 
dues were dissolved to 5.0 ml. in benzene. The color (optical density) in 
each fraction was measured on the Beckman spectrophotometer at 450 
mu. The results are presented in Table III. Previous experiments had 
shown that the optical density to be expected for 0.15 mg. of a-estradiol 
was 0.161 and for 0.25 mg. of estrone, 0.141. Inspection of the results 
in Table III shows that quantitative results were obtained with estrone 
alone or in mixtures (Samples 1 to 4) but that the results for a-estradiol 
alone (Sample 5) were about 10 per cent low. As shown in the last three 
columns of Table III, the total color obtained was quantitative. 

Hydrolysis of Estrogen Azoates and Recovery of Free Estrogens—Since 
the colors of the azoyl esters are qualitatively the same, the composition 
of the various zones on the columns was determined by hydrolyzing the 
esters and identifying the free estrogens. 

The hydrolysis procedure developed was as follows: 2 ml. of the final 
benzene solution obtained above were placed in a small flask and evap- 
orated to dryness on the steam bath under a current of air. The flask 
was dried over phosphorus pentoxide for 1 hour. 2 ml. of a solution of 
2 per cent NaOH in absolute methanol were added, the flask attached to 
a reflux condenser fitted with a drying tube, and the mixture refluxed 
4 hour. The cooled solution was transferred to a separatory funnel with 
25 ml. of water-washed ether and 10 ml. of 5 per cent aqueous NaHCQ;. 
After shaking and allowing the solution to stand, the aqueous layer was 
transferred to a second funnel containing 25 ml. of water-washed ether, 
shaken, and discarded. The ether solutions were then washed consecu- 
tively with 5 ml. of 5 per cent aqueous NaHCOs, and 10, 5, and 5 mil. 
portions of distilled water. The ether solutions were then distilled to 
dryness, the ether in the second funnel being used to wash out the first 
funnel. The colorless residue was dissolved to 5 ml. in absolute alcohol. 
An aliquot of this solution was used for quantitative determination and 
identification of the free estrogen by means of the sulfuric acid reaction. 
The details of this method are described in the following paper. Quanti- 
tative recoveries of the free estrogens were obtained by the hydrolysis pro- 
cedure described. 


DISCUSSION 


Conditions have been found only for the separation of the azoyl esters 
of the natural estrogens into monoazoates and diazoates. The separa- 
tion is similar, therefore, to the separation of the estrogens into ketonic 
and non-ketonic fractions by the well known Girard’s Reagent T. The 
chromatographic adsorption technique, however, may result in a more 
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purified product which will give less interference in the application of color 
reactions, such as the sulfuric acid reaction or the Kober test. It has been 
found, for example, that cholesterol azoate is only weakly adsorbed on 
Florisil from a mixture of benzene and Skellysolve C and is completely 
removed from the column by continued washing with the same solvent, 
whereas the estrogen azoates are strongly retained. 

In the quantitative separation of the monoazoates and the diazoates by 
the chromatographic adsorption method, it is important that the elution 
of the diazoates he continued until it appears that the monoazoate frac- 
tion is ready to begin elution, because of the very long tailing exhibited 
by the diazoate fraction. The appearance of two zones on the column 
does not necessarily indicate that both diazoates and monoazoates are 
present. In the absence of the monoazoates, however, the upper zone 
gradually disappears. This anomalous effect, in which pure compounds 
appear to give a heterogeneous chromatogram, has been termed ‘‘double 
zoning” by Schroeder (15). 

In the development of the esterification procedure, several factors had 
to be taken into consideration. A procedure was desired which would 
allow the quantitative recovery of the esters yielded by 1 mg. or less of free 
estrogens. Since it was planned to measure the amount of ester colorimet- 
rically, the blank color should be as small as possible. It was found that 
ordinary anhydrous pyridine contained substances which reacted with 
azoyl chloride to give considerable color. These interfering substances 
are practically eliminated by treating the pyridine with ceric sulfate. The 
remaining color due to these interferers appears on the Florisil chromato- 
graphic column as a reagent impurity zone preceding the diazoate zone, 
as blanks in the diazoate and monoazoate fractions (Table III), and as a 
zone retained at the top of the column after elution of the esters. 

When alcoholic solutions of the estrogens were used, the alcohol was 
evaporated on the steam bath under a current of air. To remove the 
alcohol from the residue completely, pyridine was added and the pyridine 
evaporated. 

In order to prevent the excess azoyl chloride from precipitating on re- 
moval of the reaction flask from the steam bath, 5.0 ml. of anhydrous 
pyridine were added to the reaction mixture. After further dilution with 
5 per cent pyridine in benzene, the excess azoyl chloride was removed 
quantitatively from the ester solution by passing the solution through a 


column of alumina. 
SUMMARY 


A method is described for the quantitative esterification of the natural 
estrogens with p-phenylazobenzoyl chloride in small amounts. The estro- 
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gens and p-phenylazobenzoyl chloride are dissolved in a small amount of 
anhydrous pyridine purified by oxidation with ceric sulfate, and heated 
on the steam bath for 2 hours. The excess azoyl chloride is removed 
by chromatographing on activated alumina. 

The p-phenylazobenzoy] esters of estrone, equilin, equilenin, «-estradiol, 
8-estradiol, and estriol have been prepared and characterized by their 
melting points. 

The estrogen azoates may be separated quantitatively into monoazoates 
and diazoates by chromatographing on Florisil from an equal mixture of 
benzene and Skellysolve C. They are developed and eluted with small 
amounts of ethanol dissolved in Skellysolve C. 

The method of esterification and chromatographic separation has been 
used for the quantitative determination of estrone and a-estradiol in mix- 
tures in pure solution in less than mg. amounts. 

A method for the hydrolysis of the estrogen azoates and quantitative 
recovery of the free estrogens has been described. 
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THE USE OF THE SULFURIC ACID REACTION FOR THE 
ESTIMATION OF a AND B-ESTRADIOLS AND OF 
SSTRONE AND EQUILIN IN BINARY MIX- 
TURES IN PURE SOLUTIONS* 


By ERNEST J. UMBERGER anp JACK M. CURTIS 


(From the Division of Pharmacology, Food and Drug Administration, Federal Security 
Agency, Washington) 


(Received for publication, October 20, 1948) 


The problem of estimating quantitatively the components of a mixture 
of naturally occurring estrogens has been attacked through the prepara- 
tion of their p-phenylazobenzoyl (azoyl) esters and separating these esters 
by the chromatographic adsorption technique (1). By this method, the 
monoazoates were quantitatively separated from the diazoates. Hydroly- 
sis of these esters and suitable extraction procedures resulted in the quan- 
titative recovery of the free estrogens. The present report describes a 
study of a single phase sulfuric acid reaction for the further analysis of 
the mixtures of free estrogens so obtained and for the positive identifica- 
tion of a single free estrogen. 

It was early observed that, when the natural estrogens are treated with 
sulfuric acid, orange-colored solutions possessing a green fluorescence are 
obtained (2-4). Kober (4) showed that the initial orange color obtained 
with estrone was changed to a clear green-fluorescing red on warming with 
water, and, in addition, that the intensity of the red color could be en- 
hanced and the intensity of the yellow color and the fluorescence dimin- 
ished by using a mixture of phenol and sulfuric acid in the initial stage of 
the reaction instead of sulfuric acid alone. Since the orange or yellow 
solutions resulting from the action of sulfuric acid on cholesterol, bile acids, 
pregnanediol, and many other steroids are decolorized by dilution with 
water, the test was claimed to be specific for the natural estrogens. Cohen 
and Marrian (5), however, found that the presence of either cholesterol or 
pregnanediol considerably decreased the intensity of the red color yielded 
by given quantities of estrone or estriol in the Kober reaction. They 
resorted, therefore, to an alkali extraction procedure which separated the 


* Some of the material in this report was presented at the Thirty-second annual 
meeting of the Federation of American Societies for Experimental Biology, Atlantic 
City, 1948. An abstract has been published (Federation Proc., 7, 261 (1948)). 

This report is from a dissertation submitted by Ernest J. Umberger to the Gradu- 
ate School of Georgetown University in partial fulfilment of the requirements for 
the degree of Doctor of Philosophy, June, 1948. 
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phenolic estrogens from these interferers, and which, in effect, supplied the 
specificity claimed by the Kober reaction. 

Various modifications of the Kober reaction designed to eliminate the 
yellow color and the fluorescence and to increase the specificity and sensi- 
tivity of the reaction have been published (5-11). Carol and Molitor (12) 
have described a modification of the Kober reaction which permits the de- 
termination of the components of a binary mixture of a- and {-estradiols, 

Mather (13) pointed out that the spectral absorption curves of the colors 
formed with the estrogens by phenol reagents are basically the same as 
those with sulfuric acid alone, and Cohen and Bates (14) have published 
the details of a method utilizing the two-stage Kober test without the use 
of phenol. Bates and Cohen (15) and Jailer (16) have described methods 
utilizing the fluorescence that develops with sulfuric acid for the quanti- 
tative determination of the estrogens, and Dr. Willard M. Allen, in un- 
published work made known to the authors, has made use of the yellow 
component of the color produced by sulfuric acid and alcohol for the 
quantitative determination of the estrogens in human pregnancy urine. 


EXPERIMENTAL 
Behavior of Natural Estrogens with Various Concentrations of Sulfuric Acid 


Solutions containing 30, 45, 60, 75, 90, and 100 per cent concentrated 
sulfuric acid were prepared by diluting a measured amount of concentrated 
sulfuric acid (Baker’s Analyzed, c.p., assay 95.5 to 97.5 per cent) to volume 
in a volumetric flask with small amounts of distilled water, and cooling 
after each addition. For example, 90 per cent sulfuric acid was prepared 
by placing 90 ml. of concentrated sulfuric acid in a 100 ml. volumetric 
flask and diluting to the mark with distilled water. The reaction tubes 
were prepared by sealing off the end of the outer part of a 24/40 standard 
taper joint and closing with a 24/40 standard taper penny head stopper. 
To the tube was added an alcoholic solution of 25 y of the estrogen and the 
alcohol was evaporated on the steam bath under a stream of air. The 
tube and stopper were dried over phosphorus pentoxide under a vacuum 
for hour. The tube was then placed in an ice bath, 5.0 ml. of the diluted 
sulfuric acid were added, and the tube was stoppered, allowed to remain 
in the ice bath 5 minutes, and heated in a vigorously boiling water bath. 
During the heating period, the tube, without removal from the bath, was 
agitated at 15 second intervals during the Ist minute and at 1 minute 
intervals thereafter. On removal from the boiling water bath the tube 
was again placed in the ice bath for 1 minute. The absorption spectrum 
of the color produced was measured in the range from 400 to 560 muy on 
the Beckman spectrophotometer. 
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Absorption curves were determined for a-estradiol (Fig. 1), 6-estradiol 
(Fig. 2), estrone (Fig. 3), and equilin (Fig. 4), after a 12 minute heating 
period. This heating period was chosen since a-estradiol and 8-estradiol 
give equal intensities of absorption at 515 mu after 12 minutes heating. 
It will be observed that with 60 per cent sulfuric acid the curves for all 
four estrogens are similar. The solutions are orange in color and fluoresce 
strongly. Two peaks of maximum absorption are shown, one in the 
neighborhood of 460 my and one in the neighborhood of 515 mu. As the 
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Fie. 1. Effect of concentration of sulfuric acid on spectral absorption given by 25 
7 of a-estradiol when heated with 5.0 ml. of various concentrations of sulfuric acid 
for12 minutes. The Beckman spectrophotometer, which was used for the determina- 
tion of the spectral absorption curves, employs a 1 cm. cell containing about 4 ml. 
of solution. Readings may be made as per cent transmission (7') or as optical den- 
sity (D). They may be readily converted by the relation, D = 2 — logy T. 


sulfuric acid concentration is increased, the solutions become yellow, with 
an increase in absorption at the lower wave-length relative to the absorp- 
tion at the higher wave-length. The converse is true on decreasing the 
sulfuric acid concentration, and the solutions become red. Also as the 
concentration of sulfuric acid is increased, the absorption maxima are 
shifted towards the lower wave-lengths in the cases of a-estradiol, 8-estra- 
diol, and estrone. With equilin, however, these maxima become less 
distinct, there being general absorption throughout the region of the spec- 
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trum observed. With very high concentrations of sulfuric acid, a-estra- 
diol exhibits a new maximum at 425 to 430 mu. This new maximum 
appears to be specific for a-estradiol, although it is faintly evident in the 
cases of 8-estradiol and equilin with 100 per cent sulfuric acid. 

The changes in absorption intensity at 460 and 515 my with concentra- 
tion of sulfuric acid for the estradiols are shown in Fig. 5. ‘There is clearly 
an optimal concentration of sulfuric acid for both wave-lengths which, 
however, differs for the two isomers. $-Estradiol reacts more strongly at 
the lower concentrations, while a-estradiol reacts more strongly at the 
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Fig. 2. Effect of concentration of sulfuric acid on spectral absorption given by 25 
y of B-estradiol when heated with 5.0 ml. of various concentrations of sulfuric acid 
for 12 minutes. 


higher concentrations. Equal intensities of absorption were given with 
60 per cent sulfuric acid at 515 my and with 73.5 per cent sulfuric acid at 
460 mu. 6-Estradiol is the only estrogen so far tested which shows appre- 
ciable reaction with sulfuric acid concentrations of 30 per cent or lower. 
No conditions were found at which the a isomer reacts exclusively. 
Based on the above observations, methods were developed for the quan- 
titative estimation of a-estradiol and 8-estradiol in a binary mixture, and 
of estrone and equilin in a binary mixture. Methods could probably be 
developed for determining any two of the estrogens in a binary mixture. 
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Determination of B-Estradiol 


In an attempt to determine §-estradiol quantitatively in the presence 
of a-estradiol with 30 per cent sulfuric acid as the reagent, cloudy solutions 
developed owing to the lower solubility of the a isomer. This condition 
was remedied by the addition of n-butyl alcohol to 20 per cent by volume. 
With this 30 per cent sulfuric acid-20 per cent n-butyl alcohol reagent, 
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Fic. 3. Effect of concentration of sulfuric acid on spectral absorption given by 25 


7 of estrone when heated with 5.0 ml. of various concentrations of sulfuric acid for 12 
minutes. 


optimal conditions were obtained when the time of heating was 6 minutes 
and the readings were made at 524 my. The color was stable for at 
least 1 hour. Fig. 6 shows the results of a series of determinations of 
8-estradiol under these conditions. Beer’s law is followed up to 50 y. 
Fig. 6 indicates that on addition of 100 y of a-estradiol to the B-estradiol 
there is no interference by this compound. Estrone, equilin, a-dihydro- 
equilin, equilenin, and estriol fail to give a color under these conditions 








280 ESTIMATION OF ESTROGENS 


in amounts of 50 to 100 y. Other dihydro compounds have not yet been 
tested. 


Determination of Total Estradiols 


Since no conditions were found in which a-estradiol reacted exclusively, 
a method was developed for determining total estradiols. a-Estradio| 
can then be determined indirectly as the difference between the value for 
total estradiols and the value for 8-estradiol. 
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Fic. 4. Effect of concentration of sulfuric acid on spectral absorption given by 25 
y of equilin when heated with 5.0 ml. of various concentrations of sulfuric acid for 12 
minutes. 


While the a- and 8-estradiols gave equal intensities of absorption at 
515 my when heated with 60 per cent sulfuric acid for 12 minutes, there 
was an enhancement of the absorption when the two were mixed, resulting 
in an overestimation of total estradiols of from 5 to 20 per cent. 

On the other hand, total estradiols were satisfactorily determined by 
heating with 5.0 ml. of 73.5 per cent sulfuric acid for 12 minutes. Under 
these conditions, the maximum sensitivity was obtained by reading at 459 
my. There appeared to be no tendency towards either enhancement or 
inhibition of absorption in mixtures. Spectral absorption curves for the 
two isomers were practically identical in the region from 400 to 470 mp 





but 
as’ 


Sir 


giv 
the 


fu 
su 


tr; 


tit 


th 


een 


aly, 
diol 
for 





— BL 2k 


by 25 
for 12 


m at 
there 
iting 


d by 
Inder 
¢ 455 
nt or 
r the 
0 mp 


E. J. UMBERGER AND J. M. CURTIS 281 
but a-estradiol gave greater absorption in the region from 470 to 560 mu, 
as would be predicted by the curves in Fig. 5. 


Simultaneous Determination of Estrone and Equilin in Binary Mixture 


Since there was considerable difference in the spectral absorption curves 
given by estrone and equilin when heated with 90 per cent sulfuric acid, 
they could be determined simultaneously in mixtures by reading at two 
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Fic. 5. Variation of the absorption at 460 and 515 my with concentration of sul- 


furic acid for a-estradiol and 8-estradiol (25 y of each heated with 5.0 ml. of diluted 
sulfuric acid for 12 minutes). 











wave-lengths and solving simultaneous equations to obtain the concen- 
tration of each component. General formulas for such a calculation are 
given by Knudson, Meloche, and Juday for the simultaneous determina- 
tion of iron and aluminum in water by the hematoxylin method (17). 
This method can be used only when there is no appreciable interference 
between the development of colors by the two components. To test 
this, estrone and equilin were heated separately and in an equal mixture 








282 ESTIMATION OF ESTROGENS 


with 5.0 ml. of 90 per cent sulfuric acid for 5 minutes and the spectral 
absorption curves determined. A 5 minute heating period was used 
instead of a 12 minute period to reduce the amount of color due to charring 
which might be expected in an impure solution. The curves so obtained 
are shown in Fig. 7. Curve A is the absorption curve of 20 y of equilin 
alone and Curve B that of 20 y of estrone. Curve C was obtained with g 
mixture of 20 y each of equilin and estrone. Curve D is the arithmetical 
sum of Curves A and B and should have coincided with Curve C had there 
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cate 100 y of added a-estradiol. 
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been no interference. There appears to be an inhibition of color through- 
out the entire spectrum studied. However, the color interference is negli- 
gible, as demonstrated by the results on the determination of a series of 
mixtures shown in Table I. 


Identification of Natural Estrogens by Means of Sulfuric Acid Reaction 


The spectral absorption curves obtained when the natural estrogens are 
heated with 90 per cent sulfuric acid for 12 minutes are sufficiently charac- 
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Fic. 7. Absorption spectra of colors produced by heating estrone and equilin 
separately and in mixtures with 5.0 ml. of 90 per cent sulfuric acid for 5 minutes. 
Curve A, 20 y of equilin; Curve B, 20 y of estrone; Curve C, 20 y each of estrone and 
equilin; Curve D, arithmetical sum of values for Curves A and B. 


TABLE I 


Results Obtained in Determination of Estrone and Equilin in Miztures in Pure 
Solution by Heating with 90 Per Cent Sulfuric Acid for 6 Minutes 
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Fic. 8. Spectral absorption curves for six natural estrogens obtained by heating 
25 + of each with 5.0 ml. of 90 per cent sulfuric acid for 12 minutes. Curve A, estrone; 
Curve B, equilenin; Curve C, a-estradiol; Curve D, equilin; Curve E, 8-estradid; 
Curve F, estriol. 


TaBLeE II 


Identification of Natural Estrogens by Heaiting with 90 Per Cent Sulfuric Acid for 12 
Minutes and Determining Density Values at 480, 450, 480, and 520 mu 
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teristic for each to serve as a means of identification. Curves so obtained 
for 25 y each of estrone, equilin, equilenin, a-estradiol, 8-estradiol, and 
estriol are shown in Fig. 8. 

It is not necessary to measure the entire spectral absorption curve in 
order to obtain an identification. Density readings can be made at 430, 
450, 480, and 520 mu, and from a relationship between these values identi- 
fication numbers can be calculated. For our purposes, we have calculated 
an identification number X and an identification number Y. The formulas 
for their calculation are as follows: 


oF 
~ DA x D480 


(D®™)? 


Y = Duo x pm 





Identification numbers calculated in this manner for the estrogens so 
far studied are shown in Table II. 


DISCUSSION 


The methods described here involve a single stage reaction with sulfuric 
acid. The Kober test, on the other hand, is a two-stage reaction in which 
the estrogen is first heated with a relatively high concentration of sulfuric 
acid and then with a low concentration of sulfuric acid. Cohen and Bates 
(14) have shown that essentially the same results can be obtained in the 
Kober test without the use of phenol. Apparently, the phenol serves the 
purpose of a simple diluent in the first stage of the reaction and of quench- 
ing the fluorescence in the second stage. As shown here, §-estradiol is 
the only estrogen so far studied which gives a red color with low concen- 
trations of sulfuric acid. The preliminary heating period with concen- 
trated sulfuric acid used in the Kober test, therefore, must activate the 
other estrogens in such a way as to cause them to give a red color when 
heated with the diluted sulfuric acid. This was clearly demonstrated by 
Cohen and Bates (14) in the case of estrone, when, after a preliminary 
treatment with concentrated sulfuric acid, a yellow color was obtained if 
the dilution in the second stage was made with 1:1 sulfuric acid or higher 
concentrations, and a red color if the dilutions were made with water or 
dilute concentrations of sulfuric acid. Since B-estradiol is the only com- 
pound so far studied which gives a red color with 30 per cent sulfuric acid, 
it is apparent that it is more reactive and does not need to be activated 
before it will react. This would explain the results of Carol and Molitor 
(12) in which 8-estradiol reacted with the Kober reagent without a pre- 
liminary heating period. It is significant that 8-estradiol gives an almost 
immediate yellow color with 60 per cent sulfuric acid, even at room tem- 
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perature, while a-estradiol gives little or no color under these conditions. 
With 73.5 per cent sulfuric acid, however, these observations are reversed. 

Just as with the Kober reaction, rigid adherence to manipulative details 
and concentrations of reagents must be maintained. As illustrated jn 
Fig. 5, the intensity of the absorption varies greatly with the concentration 
of sulfuric acid. This is particularly of importance in the determination 
of total estradiols with the 73.5 per cent sulfuric acid. However, in the 
determination of 8-estradiol and the simultaneous determination of estrone 
and equilin, many of these variables are eliminated by including standards 
along with the determinations. Since §-estradiol is sensitive to even traces 
of sulfuric acid, the reaction tubes must be carefully cleaned before each 
determination. After the tubes are washed exhaustively with tap water, 
once with a saturated solution of sodium carbonate, and again exhaustively 
with tap water, they are rinsed out with distilled water, and finally with 
absolute alcohol. 

In addition to being simpler to carry out, the sulfuric acid reaction pos- 
sesses an advantage over the Kober reaction in that it provides a means of 
identifying the estrogen in minute amounts. The colors produced in the 
Kober reaction are in general qualitatively the same. Also, the ultra- 
violet absorption curves for the estradiols, estrone, and equilin are iden- 
tical. They can, however, be distinguished by their infra-red absorption 
(18). 


SUMMARY 


The behavior of several natural estrogens with various concentrations 
of sulfuric acid has been studied in detail. The colors produced vary with 
the estrogen, the time of heating, and the concentration of sulfuric acid. 
The relationship of the sulfuric acid reaction to the Kober reaction has 
been discussed. 

Spectral absorption curves of the colors produced by sulfuric acid with 
the natural estrogens are sufficiently characteristic to serve as a means of 
identification of the individual estrogens in minute amounts. 

Methods for the quantitative estimation of a-estradiol and 8-estradiol 
and of estrone and equilin in binary mixtures in pure solution have beet 
described. 
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THE EFFECT OF pH ON THE METABOLISM OF RABBIT BONE 
MARROW 


By ROBERT M. BIRD* anp JOHN D. EVANS 


WITH THE TECHNICAL ASSISTANCE OF LILLIAN BECKER 


(From the Department of Physiology, Cornell University Medical College, 
New York City) 


(Received for publication, September 25, 1948) 


In 1924 Warburg and coworkers (1) reported that variation in both the 
pH and the bicarbonate concentration of the medium affected the anaerobic 
glycolysis of Flexner-Jobling rat carcinoma in vitro. When the bicarbonate 
level was held constant, an increase in CO, tension was accompanied by a 
fall in the rate of anaerobic glycolysis. At a constant pH, increasing the 
bicarbonate concentration from 3.1 to 15.5 millimoles per liter was associ- 
ated with a progressive increase in the rate of anaerobic glycolysis; further 
increase in bicarbonate concentration produced no significant effect. Craig 
and Beecher (2) demonstrated that lowering the pH from 7.48 to 7.18 in a 
bicarbonate-containing medium depressed aerobic glycolysis of rat retina 
without significant alteration in oxygen consumption. At a constant pH, 
aerobic glycolysis was increased with increasing CO, tensions from 1 to 5 
volumes per cent. Similar effects have been reported for the aerobic gly- 
colysis of cat cortex and medulla (3). Warren (4) reported that the pres- 
ence of bicarbonate resulted in a 20 to 40 per cent increase in the oxygen 
consumption of rabbit bone marrow. 

The work of Summerson, Gilder, and Lee! on the effects of pH and bicar- 
bonate on the in vitro metabolism of mouse lymphosarcoma prompted 
parallel studies on normal rabbit bone marrow, which according to Warren 
(5) exhibits metabolic characteristics approaching those of tumor tissues. 
An attempt was made to answer the following questions. What are the 
metabolic characteristics of normal bone marrow at various ranges of pH? 
Is the metabolism at a given pH influenced by changes in bicarbonate con- 
centration? Can the respiratory metabolism be accounted for in terms of 
glucose utilization? What fraction of the total aerobic acid production is 
represented by lactic acid? Can differences be found between the metab- 
olism of bone marrow cells and the cells of lymphosarcoma? 


* This work was done in part under an American Cancer Society fellowship and 
grant recommended by the Committee on Growth of the National Research Council. 
t Research Fellow of the United States Public Health Service. This work was 
done in part while associated with the School of Commerce, Accounts and Finance, 
New York University, New York City. 
‘Summerson, W. H., Gilder, H., and Lee, J. M., in preparation. 
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EXPERIMENTAL 
Methods 


The marrow was obtained from the femora and tibiae of male New 
Zealand white rabbits. All animals had been fed ad libitum. They were 
killed by a blow on the head, bled, and the pencils of marrow from the 
cracked bones delivered into Ringer’s solution at room temperature. The 
marrow, free of the larger blood vessels, was pressed with the aid of a small 
pestle through an ordinary kitchen sieve into a few ml. of Ringer’s solution 
in a Petri dish. The resulting tissue suspension was made up to a volume 
of approximately 16 ml. with Ringer’s solution and agitated gently and con- 
tinuously by a magnetic stirrer to insure uniformity during the subsequent 
sampling. For the manometric studies, exactly 0.5 ml. of this tissue sus- 
pension was pipetted into each manometric vessel. Two 0.5 ml. samples of 
each suspension were taken for the determination of total cell nitrogen. 

Examination of stained smears of the marrow, made before and after the 
preparation of the suspension as described above, gave no evidence of 
excessive cellular destruction. The percentage of myeloid and of erythroid 
cells per 500 nucleated cells was determined for each animal. ‘The marrows 
varied from 45 to 65 per cent erythroid in composition. There was no obvi- 
ous correlation between metabolic patterns and cellular variation within 
this range. No attempts were made to obtain marrows showing wide 
variation in cellular composition. 

The Summerson constant volume differential manometer (6) was used 
for the manometric measurements. This manometer permits the simul- 
taneous measurement on a single sample of tissue of oxygen consumption, 
respiratory CO, production, and the production of CO, due to the total 
aerobic acid formation. One may also determine precisely the bicarbonate 
concentration of the medium and the CO, tension of the gas phase at both 
the beginning and the end of an experiment.! From these data, by using 
the Henderson-Hasselbalch equation, pH may be determined at the begin- 
ning and end of an experiment, and by interpolation for any time during 
the experimental period. These calculated values agree within 0.03 unit 
of pH with those measured in a Beckman pH meter.2 We have chosen to 
report as most representative the pH at the mid-time of the experimental 
run; i.e., the pH of the medium 60 minutes after the beginning of the 
experiment. 

The total volume of the manometer vessels was approximately 18 ml. 
Each vessel contained exactly 1.0 ml. of Ringer-bicarbonate-glucose solu- 
tion added to the 0.5 ml. of marrow suspension, with 0.2 ml. of 2.5 n HCl 
in the side bulb. The composition of the Ringer’s solution was sodium 


2 Personal communication from Dr. W. H. Summerson. 
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chloride 8.65 gm. per liter, potassium chloride 0.23 gm. per liter, calcium 
chloride 0.24 gm. per liter. The concentration of glucose was approxi- 
mately 500 mg. per cent. According to the experimental pH desired, vary- 
ing amounts of 0.15 m sodium bicarbonate were used in the preparation of 
the Ringer-bicarbonate-glucose solution. To bring this solution to the 
approximate pH desired, it was equilibrated for 20 minutes with the appro- 
priate O.-CO2 gas mixture before being placed in the vessels. The gas mix- 
tures varied from 80 per cent O,-20 per cent CO, to 97.5 per cent O.-2.5 per 
cent CO». 

The experimental temperature was 37.5°, and the shaking rate approxi- 
mately 120 strokes per minute. Prior to an experiment the appropriate 
gas mixture necessary to establish approximately the desired pH was passed 
through the vessels for a 20 minute equilibration period with the vessels in 
the thermostat at 37.5°. The exact pH was determined experimentally, 
as described above.! An equal rate of gas flow was maintained through all 
the vessels during the preliminary gassing period. 5 minutes were then 
allowed for equilibration at atmospheric pressure and a final 5 minutes for 
temperature equilibration. At zero time, acid was tipped into the control 
vessels. All aerobic experiments were 120 minutes in duration. Upon the 
completion of the experiment, acid was tipped into the experimental vessels. 

The method of determining anaerobic glycolysis was essentially that out- 
lined by Umbreit (7). The gas mixture was composed of 95 per cent N:- 
5 per cent CO:. Variations in pH were obtained by varying the molarity 
of the bicarbonate in the medium. Anaerobiosis was established by passing 
this gas mixture through the vessels for a 30 minute equilibration period. 
Anaerobic experiments were of 60 minutes duration. 

To the total contents of each vessel was added 0.5 ml. of 10 per cent 
sodium tungstate for the precipitation of protein, at a final volume of 25 ml. 
This was filtered and the filtrate analyzed for glucose and lactic acid. Glu- 
cose was determined by the method of Benedict (8) in the Klett-Summerson 
photoelectric colorimeter. Lactic acid was determined according to the 
method of Barker and Summerson (9). The analytical accuracy was con- 
trolled for each series of experiments by the ability to recover in a separate 
sample known additions of glucose and lactic acid. Recovery errors aver- 
aged less than 3 per cent. With the manometric procedure used here, 
glucose utilization or lactic acid formation is established by the difference 
between analytical results in control and experimental vessels. 

In this paper oxygen consumption is symbolized by the conventional 
Qo, and is defined as the number of c.mm. of O2 consumed per mg. of cell 
protein per hour. Qco,, QG’, and QG? are expressed in corresponding units, 
where Qco, represents respiratory CO2, and QQ? or Q&? represents aerobic 
or anaerobic acid production, in terms of CO, liberated from bicarbonate. 
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Qeiuec. and Qzr, (glucose and lactic acid, respectively) are expressed in micro- 
grams per mg. of cell protein per hour. Total cell nitrogen was determined 
by the Kjeldahl method and was converted into total cell protein by the 
customary factor of 6.25. If desired, the Q values as given here may be 
converted into terms of “fat-free dry weight” (10) by multiplying by the 
factor 0.91. 
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Fic. 1. The effect of pH on the oxygen consumption of normal rabbit bone marrow 
cells. The average Qo, at each pH range is represented by the position of the circle, 
the number within the circle representing the number of experiments performed. 
The spread of the vertical lines represents the spread of the individual determinations 
within each range of pH. 





Results 


87 aerobic experiments covering a pH range from 6.3 to 7.7 have been 
performed. To simplify the presentation of the data this range was sub- 
divided into parts, each having a span of one-tenth of a pH unit, and on this 
basis the experimental results have been grouped. In the figures, the 
averages of the Q values of each group are represented by circles. The 


numbers within the circles indicate the number of experiments performed. | 


The range of variation from the arithmetical average of each group is repre- 
sented by the span of the vertical lines. 

The relation of oxygen consumption to the calculated pH of the medium 
at the mid-time of the experimental period is presented in Fig. 1. Oxyget 
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consumption was greatest in the pH range 6.9 to 7.3. For this range the 
average oxygen consumption was 3.6 c.mm. per mg. of cell protein per hour. 
The spread of Qo, values from the average was large in each range of pH 


studied and the differences between the averages were small over the entire 
pH range. 
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Fic. 2. The effect of pH on the aerobic acid production of normal rabbit mar- 
row. 





From pH 6.3 to 7.3 the total aerobic acid production increased with in- 
creasing pH in a substantially linear fashion. This relation of Q@? to pH 
is shown in Fig. 2. Aerobic glycolysis was greatest at pH 7.2, the average 
Qe? being 4.3; it was smallest at pH 6.3, the average Q@’ being 1.8. Above 
pH 7.3 the glycolytic rate diminished with increasing pH to an average of 
2.9 at pH 7.6. 

The lactic acid production of aerobic glycolysis is related to pH in Fig. 3. 
The averages for the Q,,, of each pH group fall into a pattern which approxi- 
mates that shown in Fig. 2. At pH 6.3 Qi, averaged 7.6; at pH 7.1 it 
averaged 15.9. In pH ranges above 7.1, lactic acid production was di- 
minished with increasing pH and Qy,, averaged 8.9 at pH 7.6. The ratio 
between total acid and lactic acid production for each pH grouping is shown 
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Fic. 3. The effect of pH on the production of lactic acid by rabbit marrow 
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Fic. 4. The effect of pH on the ratio of total acid production to lactic acid forma- 
tion in rabbit marrow. 


in Fig. 4. In Fig. 4, Q@? has been multiplied by 4 to convert it into terms 
equivalent to Qi,4. When total acid formation exceeds lactic acid produc 
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of the glucose utilized in excess of lactic acid produced to the total oxygen consump. 
tion. This ratio is related to pH. 
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Fic. 8. The effect of pH on the anaerobic acid production of normal rabbit mar- 
row. 





tion, the ratio is greater than 1. Such a ratio exists in nine of the fourteel 
groups. The average lactic acid production of all experiments was 88 pel 
cent of the average for total acid formation. 
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pH exerted no effect on r.q. This is shown in Fig. 5. For all experi- 
ments the R.Q. averaged 0.95. Such a value directs attention to the glucose 
utilization by the marrow. At pH 7.1, Qetuc. averaged 21.5. It was great- 
est at pH 6.9, averaging 22.2. At pH 6.3 and 7.6, Qciuc. was low, averaging 
13.5 and 13.6, respectively. As defined in this paper, Qeiuc. and Qu, may 
be compared directly. Their ratio is related to pH in Fig. 6. A value 
greater than 1 in Fig. 6 exists when glucose utilization exceeds lactic acid 
production. As may be seen in Fig. 6, all values are greater than 1. The 
glucose utilization in excess of lactic acid formation is theoretically available 
for oxidation. The ratio of the oxygen equivalent of this excess glucose to 
the Qo, is related to pH in Fig. 7. Micrograms of glucose have been con- 
verted to equivalent microliters of oxygen by dividing the value in micro- 
grams by 1.33. In Fig. 7, a ratio greater than unity indicates that more 
glucose is utilized than can be accounted for by both lactic acid production 
and oxygen consumption. In ten of the fourteen groups the ratio is greater 
than 1. 

The manometric results of eighteen experiments on the anaerobic gly- 
colysis of normal rabbit marrow cells are presented in Fig. 8. The marrow 
of three animals was used. It is apparent that the Q@ is affected in a linear 
fashion by changes in pH, averaging 9.3 at pH 7.4 and 1.3 at pH 6.2. Lactic 
acid production was also linearly affected by pH and accounted for the total 
anaerobic acid formation. Glucose utilization paralleled lactate production 
in approximately a 1:1 ratio throughout the pH range studied. 


DISCUSSION 


We feel that it is important to stress precise knowledge of the bicarbonate 
concentration in the medium under experimental conditions. In order to 
draw conclusions regarding bicarbonate or pH effect on glycolysis or other 
aspects of cell metabolism, it is not sufficient merely to know the molarity 
of the bicarbonate in the medium prior to the equilibration period. This is 
illustrated by one typical set of experiments. Prior to the introduction of 
tissue, the Ringer-bicarbonate-glucose solutions contained 5.7, 11.2, and 
22.4 mm of bicarbonate per liter, respectively. At the start of the experi- 
ment, after the preliminary equilibration, the bicarbonate concentrations 
for the same solutions were 3.5, 7.4, and 13.2 mm per liter. The break- 
down of bicarbonate during the equilibration period is large, variable, and 
consequently not accurately predictable. Not only does this influence the 
calculation of pH but also, when one uses small quantities of bicarbonate 
in the medium, a rapidly glycolyzing tissue may decompose all of the bi- 
carbonate either during equilibration or prior to the completion of the 
experimental period. Consequently, the interpretation of investigations 
reporting the effects on cell metabolism of either pCO, or of bicarbonate 
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may be subject to an unpredictable error when these quantities are not 
measured under conditions existing during the experimental period. 

In the experiments here reported the average Q values for normal rabbit 
marrow in a bicarbonate-containing medium at pH approximating 7.4 were 
Qo., 3-2; QG?, 3.9; Qua, 11.8; and Qetuc., 13.4. These values for respiratory 
metabolism are very close to those previously reported in which the medium 
was Ringer-phosphate solution (5, 10, 11). Under experimental conditions 
different from those of the present study, Warren (4) reported that the 
respiration of rabbit bone marrow was approximately 40 per cent greater 
in Ringer-bicarbonate than in Ringer-phosphate solution. We are aware 
of no experiments comparable to those reported here on the effect of pH 
change on the in vitro respiration and glycolysis of bone marrow. Similar 
studies have been made with rat retina (2), cat cortex (3), and mouse 
lymphosarcoma (12). 


TABLE I 


Partial Tabulation of Bicarbonate Concentration, pCO2, and Aerobic Glycolysis of 
Marrow in Range of pH 6.70 to 6.79 




















(ACOF), CO, | gO | (Cor), COs, 90: 

time 0 time | G 0 time 0 time “G 

mM perl. | vol. per cent mM perl. vol. per cent 
5.9 4.3 | 32 9.6 7.4 1.1 
5.9 4.6 | 2.0 9.9 9.1 2.0 
6.2 4.9 4.5 10.9 | 9.2 3.2 
6.3 4.6 | 2.4 | iin | | 8.8 3.5 
8.4 7.3 4) - Ss 9.7 4.7 
9.1 7.5 2.2 11.9 9.9 2.2 





In each range of pH studied, the total aerobic acid production was greater 
than the lactic acid formation. No attempts were made to identify other 
than lactic acid. In ten of the fourteen groups into which the experiments 
were divided on the basis of pH, more glucose was utilized than could be 
accounted for by both lactic acid formation and oxygen consumption. If 
the analyses for glucose are dependable, this fact implies glycogenesis on 
the part of the marrow or the formation of intermediate carbohydrate 
metabolites. On the basis of incompleted studies, we doubt that significant 
glycogenesis occurs. No analyses were made for carbohydrate intermedi- 
aries. The work of Goldinger, Lipton, and Barron (11) indicates that in 
marrow glucose is metabolized by way of the Krebs’ tricarboxylic acid cycle 
and that there is a small synthesis of citric acid. 

In view of the current interest in the utilization of carbonic acid in cellular 
metabolism (13), the question arises as to whether the bicarbonate concel- 
tration or the pCO, influenced results per se. Various concentrations of 
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bicarbonate and carbon dioxide yielding the same pH were studied. Within 
any small range of pH, the glycolytic rates showed no recognizable trends 
which could be attributed to increasing molarity of bicarbonate. Table I 
presents a partial tabulation of experiments performed at pH 6.70 to 6.79. 

Comparison of our data for normal rabbit marrow cells with those of 
Summerson, Gilder, and Lee (12) for mouse lymphosarcoma shows certain 
differences. Aerobic glycolysis of lymphosarcoma seems to be more sensi- 
tive to changes in pH than does that of marrow. This difference appears 
to be quantitative. In lymphosarcoma, aerobic glucose utilization can be 
entirely accounted for on the basis of lactic acid formation. Such is not 
the case with marrow. The R.q. of marrow was found to be 0.95, whereas 
that of lymphosarcoma was lower, averaging 0.83. In general lymphosar- 
coma is a more actively metabolizing tissue than marrow. This is not the 
comparison of a normal tissue with its malignant counterpart. Rather it 
is a comparison of two distinct tissues, studied by identical experimental 
techniques, in each of which the pH of the medium markedly affected the 
rate of glycolysis but had slight effect on the respiratory rate. Therefore, 
we feel that any attempt to relate glycolysis and respiration in a quantita- 
tive way as a means of characterizing a tissue metabolically is open to 
question when the effect of pH has not been determined. 


Grateful acknowledgment is made to Dr. W. H. Summerson for his 
interest and help in connection with the material presented here. 


SUMMARY 


1. The zn vitro metabolism of rabbit bone marrow cells in Ringer-bicarbon- 
ate-glucose medium has been studied with the Summerson differential 
manometer. 87 experiments were performed under aerobic conditions, 
eighteen anaerobically. Analyses for glucose utilization and lactic acid 
production by the tissue have been compared with the manometric data. 
All metabolic rates have been correlated with the pH of the medium, as 
determined during the experimental period. 

2. Aerobic metabolic rates were maximum at pH 7.2. Both aerobic and 
anaerobic glycolysis were depressed markedly and in linear fashion by de- 
pression of the pH of the medium from 7.2 to 6.3. The effect of change of 
pH on the oxygen consumption and R.q. was small, the r.q. averaging 0.95. 
Total aerobic acid formation was greater than aerobic lactic acid produc- 
tion. Aerobic glucose utilization was at least sufficient to account for both 
lactic acid production and oxygen consumption. 

3. Since pH markedly affects the glycolytic rate but has small effect on 
oxygen consumption, any ratio relating glycolysis to respiration in rabbit 
bone marrow is variable. Such is also the case with mouse lymphosarcoma 
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and probably other tissues as well. Hence, the significance of such a ratig 
in characterizing the metabolism of a tissue is questioned unless the influ. 
ence of pH is taken into account. 

4. The breakdown of bicarbonate in the medium during the preliminary 
equilibration period was large and variable. Consequently, the validity of 
experiments reporting the effects on cell metabolism of either bicarbonate 
or pCO, is also questioned when these quantities have not been measured 
under conditions existing during the experimental period. 
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THE B-CARBOXYLASES OF PLANTS 


I. SOME PROPERTIES OF OXALACETIC CARBOXYLASE AND ITS 
QUANTITATIVE ASSAY* 


By BIRGIT VENNESLAND, MIRIAM C. GOLLUB, ann JOHN F. SPECK 
(From the Department of Biochemistry, University of Chicago, Chicago) 


(Received for publication, September 27, 1948) 


The ability of the higher plants to utilize carbon dioxide for the synthesis 
of organic compounds has long been recognized, whereas the more limited 
ability of heterotrophic organisms to cause “CO, fixation” by carbon to 
carbon linkage has been established only within recent years (1). Never- 
theless, there is more detailed information available at present about the 
mechanisms of CO, fixation in bacteria and animal tissues than about the 
mechanisms of CO, assimilation in plants. This state of affairs is un- 
doubtedly due to the relatively much greater complexity of the latter proc- 
esses, since photosynthesis results eventually in complete synthesis, from 
carbon dioxide, of all the carbon chains of the plant organism. 

On the initiation of a study of CO, fixation in higher plants several years 
ago (2), we thought it worth while to simplify the problem by eliminating 
the process of utilization of light energy, and proceeded on the assumption 
that ‘dark fixations” of CO. in plant tissues could occur by paths similar to 
those already established in heterotrophs. In particular, the possible 
occurrence of enzymes catalyzing the reversible decarboxylations of oxal- 
acetic acid (OAA) and oxalosuccinic acid (OSA) was investigated. Such 
enzymes had been demonstrated and studied in bacteria by Krampitz and 
Werkman (3) and in animal tissues by Evans and his collaborators (4, 5), 
Utter and Wood (6), and by Ochoa and his collaborators (7-9). 

As a result of these studies, it has been found that crude protein prepara- 
tions from parsley root can catalyze reactions (a) through (d) (10, 11). 


(a) Oxalacetate = CO2 + pyruvate 

(b) Oxalacetate + TPNrea. @ malate + TPNox. 

(c) Oxalosuccinate + CO, + a-ketoglutarate 

(d) Oxalosuccinate + TPNrea. @ isocitrate + TPNox. 


The present communication will describe some of the properties of this 
enzyme preparation, particularly in relation to OAA carboxylase, 7.e., the 


* Aided in part by grants from the John and Mary R. Markle Foundation and 
from the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of 
Chicago. 


‘TPN = triphosphopyridine nucleotide; DPN = diphosphopyridine nucleotide; 
ATP = adenosine triphosphate. 
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enzyme catalyzing reaction (a). A number of observations on 8-carboxy- 
lases from other plant sources will be included. The distribution of thege 
enzymes will be described in another communication (12). 


Methods and Material 


Standard Warburg manometric techniques were used throughout. Spee- 
trophotometric measurements were made with a Beckman quartz spectro- 
photometer. Dry weight determinations were made by drying at 110° for 
24 hours, and were corrected for the known buffer content of the samples. 

The l-malic acid was a recrystallized commercial preparation. Diphos- 
phothiamine was generously supplied by Merck and Company. Diphos- 
phopyridine nucleotide was a commercial sample of 40 per cent purity 
purchased from the Schwarz Laboratories. The preparation of other sub- 
strates and cofactors and the procedures employed in the exchange experi- 
ments with CO, have been described elsewhere (5). 

Preparation of Oxalacetic Carboxylase from Parsley Root—Parsley roots 
were peeled, ground to a pulp in a meat grinder, and the juice pressed out 
with a fruit press. The peeling could be omitted without damage to the 
enzyme activity, but in this case a brown pigment contaminated the final 
preparation. The amount of juice obtained varied with different batches 
of roots, but no advantage was gained by adding water or buffer in several 
attempts to extract additional activity from the pulp. 

The juice expressed from freshly ground parsley roots is a cloudy, yellow 
liquid, very rich in pyruvic carboxylase. Quantitative assay of the oxal- 
acetic carboxylase activity at this stage is therefore not feasible. The fresh 
juice was treated immediately with 0.05 volume of 3 M acetate buffer, pH 
5.0, and allowed to stand at 4° for from 2 to 12 hours. The precipitate was 
centrifuged, and the supernatant was dialyzed for 48 hours in the cold 
against 0.025 m phosphate buffer, pH 7.4. The precipitate which formed 
was centrifuged, and the rates of decarboxylation of oxalacetic and pyruvic 
acids catalyzed by the supernatant were determined. 

If the pyruvic carboxylase activity was sufficiently low to allow a deter- 
mination of the first order rate constant of the oxalacetic enzyme, as de- 
scribed later, the preparation was lyophilized at this point. Otherwise, the 
treatment with acetate buffer, centrifugation, and dialysis were repeated. 
At times the acetate treatment was repeated twice before lyophilizing. 
This procedure is not recommended unless the pyruvic carboxylase activity 
is exceptionally resistant to inactivation, since the acetate treatment always 
leads to some loss of OAA carboxylase activity. It was always possible to 
remove the last traces of pyruvic carboxylase by prolonged dialysis (3 to 
days) of a concentrated solution made up from the lyophilized powder. 

Besides destroying pyruvic carboxylase, the acetate treatment yields an 
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enzyme solution which can be cleared of turbidity by centrifugation. Re- 
peated acetate treatments may be necessary to achieve this purpose. Bya 
combination of acetate treatment, dialysis, and centrifugation, we have 
been able to prepare perfectly clear enzyme solutions free from pyruvic 
carboxylase from almost every batch of roots tested. About one trial in ten 
was unsuccessful, leading to a product containing so little activity that it 
was discarded. 

This procedure could be applied to parsnip as well as to parsley root, with 
virtually identical results; 7.e., the final preparations obtained appeared to 
be indistinguishable. Attempts to apply it to carrot roots and to radishes 
gave preparations in which the presence of OAA carboxylase could be 
demonstrated, but yields were low. Subsequent work by Dr. J. Ceithaml 
has indicated that direct precipitation of plant press-juices with ammonium 
sulfate is superior to the procedure described above. All experiments on 
OAA carboxylase reported in this paper were carried out, however, on 
enzyme solutions prepared in the manner described. 

Quantitative Assay of Oxalacetic Carboxylase—For the quantitative assay 
of the amount of OAA carboxylase present in a given preparation, the rate 
of evolution of carbon dioxide from added OAA is measured manometrically. 
The reaction medium contains 0.1 M acetate buffer, pH 5.0, 0.01 m MnCh, 
and 1 mg. of OAA. The reaction is run in air at 30°. Reaction (a) pro- 
ceeds completely to the right under these circumstances, since there is little 
retention of carbon dioxide in the medium. All 6-carboxylases obtained 
from plant sources have been found to exhibit first order kinetics with 
respect to substrate when the reaction is followed under these conditions. 

We have adopted the procedure of measuring equal amounts of enzyme 
into two Warburg vessels and inactivating one sample by holding the vessel 
in a boiling water bath for 1 minute. Then acetate and MnCl, are added 
in amounts to make a final concentration of 0.1 mM acetate and 0.01 m MnCl, 
and the volume is made up to 1.9 ml. In the side arm of each vessel is 
placed 0.1 ml. of H,O containing about 1 mg. of OAA which is made up 
immediately before use by dissolving about 10 mg. of OAA in 1 ml. of H,0. 
The vessels are equilibrated for 10 minutes and the reaction started by 
tipping. A reading is taken at 1 or 2 minutes and readings are spaced there- 
after at suitable intervals, depending on the speed of the reaction. It is 
necessary to time readings accurately, and no more than six vessels are 
therefore run at one time. The reaction stops completely when the CO, 
evolved is equivalent to the OAA added. Asa check on this figure, a vessel 
is always made up with acetate buffer, 0.03 m NiSO,, and 0.1 ml. of the 
same OAA solution that was used in the activity determination. Oxal- 
acetate is completely decarboxylated in 15 minutes in this system, and the 
amount of oxalacetate added at the time of tipping can then readily be 
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determined. From the microliters of CO, evolved and the amount of OAA 
added, the amount of OAA present at any time may be calculated. The log 
of the OAA concentration plotted against time gives a straight line with a 
slope proportional to the velocity constant, k, of the reaction. The con- 
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2 3 4 5 6 7 

TIME IN MINUTES 

Fig. 1. Assay of plant oxalacetic carboxylase. The conditions are those of the 
standard test system. 0.01 m MnCl., 0.1 m acetate buffer, pH 5.0; 196 wl. of OAA 
added at time of tipping. Amount parsley root enzyme, 0.3 ml. of a solution contain- 
ing 10 mg. of dry weight. Curve 1, enzyme heat-inactivated; Curve 2, enzyme not 
heat-inactivated. Slope of Curve 1, (A log OAA)/(A minutes) = 0.036; slope of 
Curve 2, 0.136; activity, k per ml. = (2.3(0.136 — 0.036)/0.3) = 0.77; net dry weight 
= 10 mg. per ml.; activity, k per mg. = 0.077. 
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The difference between the first order rate constant obtained in the pres- 
ence of the unheated enzyme and the first order rate constant obtained in 
the presence of heat-inactivated enzyme (or in the absence of enzyme) is 
directly proportional to the amount of enzyme present, as shown in Fig. 2. 
In most instances, heat-inactivated enzyme (held in a boiling water bath 
1 minute) has no effect on the velocity of the decarboxylation, which is that 
due to the divalent cation alone. This value is referred to as the blank. 
Occasionally, however, crude preparations will affect the blank after heat 


0.240, 






0.180 UNHEATED 


0.120}+ 





HEATED 


FIRST ORDER RATE CONSTANT k MIN.-1 





n 1 J 
40 20 30 
MG. ENZYME PREPARATION 
Fig. 2. Proportionality of first order rate constant to quantity of enzyme. The 
conditions are those of the standard test system. In this case mg. of enzyme prepara- 
tion refers to the total weight of lyophylized powder. 





inactivation, and we have therefore usually determined blanks in the pres- 
ence of heat-inactivated enzyme. 

The Mn++ concentration of the test system was chosen to give maximum 
enzyme activity (13). The pH and the concentration of buffer were rather 
arbitrarily selected. The enzyme activity decreases as the buffer concen- 
tration increases. Thus, at acetate concentrations of 0.05, 0.25, and 1.25 
M, the relative enzyme activities were 14, 5, and 1, respectively. This 
seems to be a non-specific salt effect, since addition of sodium chloride gives 
similar effects at similar concentrations. It is necessary, however, to have 
sufficient buffer present to prevent the pH change associated with the re- 
moval of a carboxyl group during the course of the reaction. The optimum 
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pH of the enzyme has not been determined, but it lies above pH 5.0. Thus 
the relative activities of an enzyme tested in acetate buffer at pH 4.4, 5.0, 
and 5.5 were found to be 1, 4, and 7 respectively. The increased activity 
observed above pH 5.0 is balanced by the decreased activity associated 
with the need for higher buffer concentrations at the latter pH. Therefore 
the choice of buffer concentrations and pH is a compromise selected for 
feasibility. Activity measurements made as described are reproducible 
within 10 per cent and directly proportional to the enzyme concentration, 
but do not represent maximum or optimum activity. 

Although assays were routinely run in air, attention is called to the need 
for precautions due to possible oxygen consumption (5). If the reaction is 
run to completion, the CO, evolved should be equal to that in the NiSO,- 
catalyzed decarboxylation which is always run simultaneously. This 
agreement is a check on the absence of any oxygen consumption. We 
have virtually never observed more than 10 ul. of O2 consumption per hour 
when assaying plant oxalacetic carboxylases prepared as described. 

Properties of Oxalacetic Carboxylase Preparations—The enzyme prepara- 
tion described contains a number of enzyme activities in addition to oxal- 
acetic carboxylase. Thus the presence of oxalosuccinic carboxylase and of 
isocitric and malic dehydrogenases active with TPN has already been re- 
ported (10, 11). (Further details regarding the tricarboxylic acid system 
will appear in a separate paper (14).) It is not possible at present to say 
to what extent the two 8-carboxylases are associated, or to what extent the 
respective dehydrogenases are necessarily present with the carboxylases. 
The dehydrogenases cannot be demonstrated readily in all preparations. 
At present it appears, however, that this may be due to the presence of an 
enzyme or enzymes (in variable amounts in different preparations) which 
destroy TPN.2 Malic dehydrogenase active with DPN has been found 
either absent or present in only small amounts. Here again, however, the 
possible presence of DPN-destroying factors may influence the results. 
Lactic dehydrogenase, fumarase, and aconitase have never been observed 
in any of the preparations tested. 

The OAA carboxylase in the preparations described is quite stable at 
neutral pH and can be kept at 4° for at least a week without loss in activity. 
It can be dialyzed at pH 7 to 8 against dilute phosphate or verona! buffer, 
likewise with no loss in activity. Though phosphate was usually employed 
for the dialyses, it is not necessary for enzyme action. Small and variable 
losses in activity accompanied dialysis against distilled water, but this is 
probably associated with the acid pH of the water. There is no evidence 
for the presence of a dialyzable cofactor other than divalent cations. 


2 We are indebted to Mr. Eric Conn of this department for information regarding 
the action of the plant enzyme preparations on TPN. 
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The activity of the carboxylase is not influenced by TPN, DPN, diphos- 
phothiamine, or ATP. Considerable inhibition is produced by /-malic acid. 





LOG OXALACETATE 
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Fic. 3. Effect of malate and TPN on parsley root OAA carboxylase. 0.3 ml. of 
enzyme (17.4 mg. of net dry weight per ml.), 0.001 m MnCl; 0.025 m acetate, pH 5. 
Additions when indicated, 10 y of TPN per 2 ml., 0.0125 m final concentration of 
malate. 


Curve No. k, min. Net &, min. 
1. Heated enzyme + malate 0.010 0 
2. E vi 0.015 0 
3. Enzyme + malate 0.021 0.011 
4. 6 + TPN + malate 0.023 0.013 
—_— = ie 0.055 0.040 
oe 0.054 0.039 


Some typical results are shown in Fig. 3. In these experiments 0.001 m 
Mn** was employed instead of 0.01 m Mnt+. Similar results are obtained, 
however, with higher Mn++ concentrations. The reaction rate constants 
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for the various curves are shown in the figure legend. It is apparent that 
TPN has no measurable effect either in the presence or in the absence of 
malate and that 0.0125 m malate causes a 70 per cent inhibition of the net 
enzyme rate constant, but only 30 per cent inhibition of the heated blank. 

Because of recent evidence (15-18) that biotin may function as a cofactor 
for B-carboxylations, its possible relation to the plant enzyme was examined. 
Added biotin has no influence on the action of the enzyme. Enzyme inacti- 
vated by exposure to pH 4.0 cannot be reactivated by biotin, nor does the 
presence of biotin influence the inactivation. The preparations have been 
found on analysis to contain biotin in somewhat variable amounts, but 
there is no evidence that it is necessarily associated with the enzyme. 

Below pH 6.0 and above pH 8.0, detectable inactivation of the carboxylase 
occurs within several hours at room temperature, and becomes more rapid 
as the pH is lowered or raised beyond these limits. Since the assay is run 
at pH 5.0, care must be taken not to delay the determination once the ace- 
tate buffer has been added to the enzyme. Lower activity values are 
obtained if the equilibration period is extended to half an hour instead of the 
usual 10 minutes. 

When the enzyme solution is brought to pH 4.0 at 25°, 40 per cent inacti- 
vation occurs in 5 minutes, and below this pH complete inactivation is 
virtually immediate. This is associated with the appearance of a precipi- 
tate which redissolves as the pH is lowered further. On neutralization of 
such a solution, the precipitate reappears, and no enzyme activity can be 
detected. On the alkaline side 60 per cent inactivation was observed after 
a 5 minute exposure at 25° to pH 11.2, and 100 per cent inactivation at pH 
11.6. The solution remains clear in the entire alkaline range and no precipi- 
tate forms on neutralization. At pH 7.4, samples held at 50°, 60°, and 70° 
for 5 minutes showed an inactivation of 25, 85, and 100 per cent respectively. 

Reversibility of Oxalacetic Carboxylase—Evidence for the reversibility of 
oxalacetic carboxylase has previously been reported (10). OAA subjected 
to partial decarboxylation in the presence of enzyme, Mnt*, and NaHC™0; 
can be shown to incorporate C™ into the 8-carboxyl carbon. These experi- 
ments were conducted in a manner similar to those already described with 
pigeon liver enzyme (5), except that the reaction was stopped by addition 
of 2 ml. of 50 per cent citric acid. The incubation period was 8 minutes, 
in which time approximately half the added OAA had been decomposed. 

The plant enzyme showed considerable exchange without addition of co- 
factors. Unlike the pigeon liver enzyme, ATP caused no increase in the 
exchange reaction, nor did TPN and adenylic acid. The results of these 
experiments are shown in Table I. In all cases, complete removal of C™0: 
from the medium was demonstrated by negative “‘rinse’’ values, determined 
as previously described. The enzymic nature of the exchange reaction is 
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shown by the virtual lack of exchange obtained with heated enzyme. In 
this experiment the incubation time was increased to 30 minutes to allow 
a comparable percentage of decarboxylation of OAA to be completed. The 
quantitative variation in results observed in the three experiments with 
active enzyme is probably not outside of the total limit of experimental 
error. 

These experiments, together with the demonstration of the enzymic de- 
carboxylation of OAA, demonstrate that reaction (a) with parsley root 


TABLE I 


Fixation of C'*O2, in Oxalacetic Acid during Enzymic Decarboxylation by Parsley 
Root Preparation 
Initial reaction mixture, 4.25 X 10-2 m oxalacetate, 0.001 m MnCl., 1.2 X 10°? m 
phosphate buffer, pH 6.0, 3.6 X 10-*m NaHCO; containing C"*; 180 mg. of lyophilized 
parsley root protein and the cofactors indicated in the table in a total volume of 
10 ml. Incubated for 8 minutes at 30°. 








| Radioactivityt of 
B-carboxyl carbon, 








‘neat | Special conditions Added cofactors Pa ne natty of 
| carbonic acid 
| of medium 
1 | None | | 5120t | 0.49 + 0.02 
2 « 13.0 10m ATP | 5400t | 0.52 + 0.03 
3 | Enzyme solution Lom ee 7600 0.04 + 0.02 
heated; reaction 
time, 30 min. 
4 | None 5.0 X 107m TPN 6600t | 0.31 + 0.03 
| 2.9 X 10-4 “ adenylic 
| acid 








* Initial oxalacetate, approximately 9300 ul. 

t The error given is the probable error (statistical). 

t Approximately 15 per cent of oxalacetate decarboxylation is non-enzymatic 
and due to Mn** alone. 


enzyme occurs in both directions, and that, in contrast to results with the 
pigeon liver enzyme, neither ATP nor TPN appears to affect this reaction 
appreciably. 

Since the enzyme preparation contains a malic dehydrogenase active 
with TPN, it is also possible to demonstrate the combined action of the 
carboxylase and of the dehydrogenase (reaction (a) + (b)) by using the 
spectrophotometric procedure of Ochoa. The reduction of TPN by 
added malate is followed by measuring the increase in light absorption at 
340 mu due to formation of TPNrea.. In the presence of added Mn++ the 
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reaction proceeds to the right according to the equation 
(e) Malate + TPNox. ~ TPNrea. + pyruvate + CO2 


The addition of pyruvate and CO, after the reduction has ceased results jn 
a reoxidation of TPN,.a., indicating that the reaction is freely reversible, 
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0.025 ~ 
| MALATE ADDED 
rf ' 
ie) io 20 30 a0 50 
TIME IN MINUTES 
Fia. 4. The reversal of malic dehydrogenase by pyruvic acid and CQ, in the 


presence of a parsley root preparation. Composition of solution, 0.03 m glycy)- 
glycine buffer, pH 7.4, 0.0012 m MnCl., 1.1 mg. of parsley root preparation, and 408 
y of TPN in a total volume of 3.2 ml. At time 0 add 0.001 mm of l-malate; at / add 
0.05 mn of pyruvate plus 0.3 ml. of 0.1 m NaHCO; saturated with CO»; at 2 add 0.0025 
mM of l-malate; at 3 add 0.05 mm of pyruvate. Absorption corrected for change in 
volume. Readings made against a blank which contained all components except 
TPN. 


Reduction and oxidation may be repeated at will by addition of appropriate 
amounts of substrate. A typical experiment of this type is shown in Fig. 4. 

Ochoa et al. (9) have shown that oxalacetate cannot reoxidize TPNyeea. in 
experiments of this sort conducted with purified pigeon liver enzyme. Re- 
action (e) is accordingly regarded as not proceeding by way of OAA. In 
the case of the plant enzyme, OAA is capable of reoxidizing TPNrea. with 
the preparations tested. It seems appropriate, therefore, to consider reac- 
tion (e) as the sum of reactions (a) and (b). However, since the plant 
preparation with which this experiment has been conducted is relatively 
crude, the possibility must not be overlooked that some of the apparent 
properties of the enzymes may change on purification. 
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Supplementary evidence for the occurrence of reaction (e) in parsley root 
is afforded by the incorporation of C™ into the organic acid fraction when 
the parsley root enzyme is incubated with unlabeled pyruvate and malate 
in the presence of C“O.. The results of such an experiment, presented in 
Table II, show that the C™ fixed in the organic acid fraction is proportional 
to the malate content of the fraction. The conditions of the experiment 
are indicated in Table II. After the reaction mixture had been incubated 
for 3 hours, the experiment was terminated by addition of metaphosphoric 
acid. CO. was removed, the protein precipitate was centrifuged, and the 


TABLE II 


Fization of CO, in Organic Acids during Incubation of Parsley Root Protein with 
l-Malic and Pyruvic Acid Substrates 


Initial reaction mixture, 0.05 m phosphate buffer, pH 6.7, 0.017 m l-malate, 0.034 
u pyruvate, 0.01 m MnCl», 7.5 X 10-4 m ATP, 2.4 X 10-* mM NaHCO; containing C™ 
(thick sample count, 9000 per minute); 235 mg. of lyophilized parsley root protein 
and 19 of TPN in a total volume of 15 ml. Deproteinization with metaphosphoric 
acid yielding 17 ml. of supernatant and 3 ml. of precipitate 




















| Composition of extracted materials Radioactivity* 
oi 
Ether Time of extracti Count 
seen paietin | Total dry | Sodium | Sodium | sodium malate in 
| weight | malate | pyruvate thick sample, 
| | corrected for 
(1) | (2) (3) | (4) | (5) dilution effectt 
hrs. | mg. | mg. mg. ae a 
Ist 12 (Slowly) | 100 | 18.3 | 13.5 650 + 30 
Qnd 2 (Rapidly) | 0 =| 13.3 | 0.74 680 + 20 
| Slowly | | | . 
P| ard easy 4 14.7 | 4.27 | 0 570 + 30 


4 (Rapidly) | 





* The error given is the statistical probable error. 

+ Calculated from thick sample counts and malate concentration. Thick sample 
counts first corrected for dilution factor given by (Column 3)/(Column 4). Thick 
sample, 20 mg. per sq. cm., 3.47 sq. em. total area. Therefore thick sample = 69.4 
mg. or 0.387 mm of sodium malate. 


acidified supernatant was subjected to continuous extraction with three 
successive portions of ether. The dry materials in the extracts were ana- 
lyzed for l-malate® and pyruvate (19), and measured for radioactivity. 

That the amounts of total C™ fixed in such an experiment are relatively 
small has since been found to be due, apparently, to the destruction of 
TPN. Though incubation was continued for 3 hours, most of the fixation 
probably occurred within the first half hour. It is necessary to add con- 
siderably larger amounts of TPN to achieve higher fixation rates. The 
action of the ATP seems to be to cause a partial prevention of the TPN 
destruction.? 


*Speck, J. F., unpublished method. 
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Carboxylase Activity of Crystalline Globulins from Cucurbit Seeds—It has 
previously been reported (2) that the crystalline globulins which occur jp 
high concentration in squash and pumpkin seeds (20) possess oxalacetic 
carboxylase activity. This activity is largely heat-labile, though heat. 
denatured protein retains a definite catalytic effect on the decarboxylation, 
Divalent cations have no effect on the enzyme action, since their presence 
accelerates decarboxylation with both unheated and heat-inactivated pro- 
tein to the same extent. Under the conditions of the standard test system, 
but with Mn++ omitted, four times recrystallized globulin shows an activity 
per mg. of protein of the same order of magnitude as the crude unpurified 
preparations from parsley root. The globulin is virtually inactive at pH 
5.5, however, at which it is practically insoluble. At pH 5.0 it still remains 
largely as a precipitate in the test system, but at pH 4.5 it goes into solution 
and the activity is considerably increased. It appears to us that these 
globulins, which must be regarded largely as storage proteins, possibly do 
not possess any physiological function in so far as the carboxylation reaction 
is concerned. It may be noted that they are inactive at physiological pH 
values and that their activity is relatively low compared to the cation-acti- 
vated carboxylases. Furthermore, it has been possible to demonstrate that 
there is present in Cucurbita seeds, in addition to the globulin, a separate 
water-soluble oxalacetic carboxylase which is cation-activated and appears 
to be similar in nature to the 8-carboxylase of parsley root (12). 


DISCUSSION 


It seems probable that the reversible carboxylation of oxalacetate plays 
an important réle in the conversion of carbohydrate to dicarboxylic acids, 
and our results indicate that the process in plants is similar in outline, if not 
in detail, to that which occurs in liver tissue. Parsley root, like pigeon 
liver, contains a malic dehydrogenase active with TPN, together with an 
OAA carboxylase. It is possible that the two activities may be associated 
with 1 molecule, as Ochoa has suggested for the liver enzymes. ‘The asso- 
ciation of a TPN-active malic dehydrogenase with OAA carboxylase seems 
to occur very frequently in plant preparations. Final judgment on the 
significance of this association must await purification of the various activi- 
ties. 

However, in spite of the basic similarities of the parsley root and pigeon 
liver enzymes, there are certain decided differences among the character- 
istics of the two preparations. These may be summarized as follows: 

First, the kinetics of the decarboxylation of OAA by the pigeon liver 
enzyme and the plant enzyme are apparently different. With relatively 
small amounts of OAA, the pigeon liver enzyme shows zero order kinetics; 
the plant enzyme, first order kinetics, with respect to substrate. The 
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optimum Mn** concentration is likewise different, being 0.01 m for the 
parsley root enzyme and 0.001 m for the pigeon liver enzyme. Both these 
differences imply that the pigeon liver enzyme combines more readily with 
both substrate and Mn** than does the plant enzyme. ‘This interpretation 
is further substantiated by the fact that the plant enzyme can readily be 
freed by dialysis (12 hours) from all cation activators present in the initial 
extracts, whereas the pigeon liver enzyme present in acetone powder ex- 
tracts retains considerable heat-labile activity without added divalent ca- 
tions, even after prolonged dialysis (4 days). 

The differences in the effect of ATP and of TPN on the two enzymes are 
perhaps even more striking. The OAA carboxylase of pigeon liver shows 
a decided stimulation of decarboxylation by TPN, whereas the exchange of 
CO, with the 6-carboxyl of OAA requires the addition of ATP. These 
apparently anomalous effects have not been satisfactorily explained, though 
they would appear to be related to the association of the malic dehydro- 
genase with the carboxylase. In the case of the plant enzyme, TPN and 
ATP have no effect on the decarboxylation reaction or the exchange reac- 
tion.. The possibility that these characteristics may change on purification 
must of course not be overlooked. This has already been mentioned in 
connection with the fact that the reoxidation of reduced TPN is readily 
effected by OAA in the presence of the plant enzyme, whereas such a reac- 
tion is not catalyzed by the purified pigeon liver enzyme of Ochoa. 

With the reservation in mind that data obtained on impure preparations 
are not final, it nevertheless appears appropriate to emphasize that the 


plant enzyme can apparently catalyze both reactions (a) and (b) independ- 
ently 


(a) Oxalacetate = pyruvate + CO, 
(b) l-Malate + TPNox. = oxalacetate + TPN rea. 


and it is therefore unnecessary to regard reaction (c) 
(c) Malate + TPNox. = pyruvate + CO: + TPNrea. 


as anything but the sum of reactions (a) and (b). The pigeon liver enzyme 
on the other hand, as pointed out by Ochoa, seems to catalyze reactions (a) 
and (c), but not reaction (b). Ochoa has suggested that the intermediary 
OAA is metabolized on the surface of the enzyme where it is produced. 
Perhaps the differences between pigeon liver and parsley root enzymes may 
be related to their different degrees of combination with the substrate OAA. 
The Michaelis constants have not been determined for either enzyme. 
However, a zero order reaction implies a Michaelis constant too small to 
be measurable, and a first order reaction, a Michaelis constant too large to 
be measurable (at least in the range in which the reaction remains first 








314 B-CARBOXYLASES OF PLANTS. I 


order). Consequently, the pigeon liver enzyme would be expected to com. 
bine much more firmly with OAA than would the plant enzyme. 

It does not seem probable that all the differences noted between plant 
and animal enzymes can be attributed to the effects of adventitious impuri- 
ties, but it appears more likely that pigeon liver enzyme and parsley root 
enzyme are different proteins with similar function. Whether these 8-keto 
carboxylases may be regarded as typical of animal and plant carboxylases 
respectively remains to be determined. 


SUMMARY 


1. The preparation of an oxalacetic carboxylase from parsley root and its 
quantitative assay are described. 

2. The enzyme has been shown to be associated with a malic dehydro- 
genase active with TPN. 

3. The reversibility of the oxalacetic carboxylase has been demonstrated, 

4. Some properties of the oxalacetic carboxylase activity of crystalline 
globulins from squash and pumpkin seeds are discussed. 

5. The properties of parsley root oxalacetic carboxylase have been com- 
pared with those of pigeon liver oxalacetic carboxylase. 
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| THE EFFECT OF CATIONS ON THE DECARBOXYLATION OF 
Dlant OXALACETIC ACID* 
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By JOHN F. SPECKt 
(From the Department of Biochemistry, University of Chicago, Chicago) 


lases (Received for publication, September 27, 1948) 


In connection with studies on the 8-keto acid carboxylases of plants (1, 

9), the effects of metal ions on the decarboxylation of oxalacetic acid, in 

rdits the presence and absence of enzyme, were studied. In confirmation of 
Krebs (3) the decarboxylation was found to be accelerated by a variety of 


vdro. | polyvalent cations. It was also observed that the enzyme oxalacetic car- 
boxylase from parsley roots, which is nearly inactive in the absence of 
ated. metal ions, is activated by a variety of divalent cations. 

alline Methods 

ocie: The experimental procedures used in studying keto acid decarboxylation 


are described in the preceding paper (2). Evolution of carbon dioxide from 
oxalacetic acid was measured in Warburg manometers, with a reaction mix- 
ture buffered at pH 5 to avoid retention. Since in most cases the decar- 
boxylation reactions follow first order kinetics with respect to oxalacetic 
acid, the rates are conveniently expressed as first order reaction rate 
constants. 
43). 
1, 675 | Results 
Effect of Cations on Non-Enzymatic Decarboxylation of Oxalacetate—All 
the polyvalent cations tested, with the exception of Ba**, accelerate the 
decarboxylation of oxalacetate. Monovalent cations were not studied, but 
Krebs (3) found them to be ineffective. In agreement with Krebs, it was 
(1947 noted that the effect of the cation is independent of the nature of the anion 
added with it, provided the salt is ionized. Except in the case of Fe+*+* and 
Al***, which are described later, the decarboxylation reactions follow first 
order kinetics with respect to oxalacetic acid. When Cut* is present in 
concentrations of 0.01 M or greater, the first order constants tend to decrease 
somewhat with time, and the average has been taken. 


(1947). 


D., and In Fig. 1 the first order rate constants are plotted against the logarithms 
ies and * This work was supported by grants from the John and Mary R. Markle Founda- 
945). tion and from the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the Uni- 
Chem., versity of Chicago. 


t Present address, Medicinska Nobelinstitutet, Biokemiska Avdelningen, Stock- 
holm, Sweden. 
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of the molarities of the cations. The curves for the various ions are similar 
in shape, but the concentration giving a maximum effect and the magnitude | 
of the effect vary with different cations. Cut+ and La*** give maxima at 
concentrations of 0.001 m. The activity maximum shown for Pb**+ may 
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Fia. 1. Effect of various cations on the non-enzymatic decarboxylation of oxal- 
acetate. Samples contained 0.1 m acetate, pH 5.0, 1 mg. of oxalacetic acid (equiva- 
lent to 160 ul. of CO2), and metal salts in the concentrations indicated, in a total 
volume of 2.0 ml. Temperature 30°. In the absence of added polyvalent cation, the 
first order rate constant was 0.006 min.~'. 


not be similar in nature, because in samples containing Pb** at concentra- 
tions of 0.01 m or greater a precipitate (perhaps lead oxalacetate) appears 
on tipping in the oxalacetic acid. Other ions, such as Zn++, Ni**, Co™, 
and Fe+*, tend to approach maxima at the highest concentrations studied. 

It was necessary to employ anaerobic conditions in testing the action of 
Fe*+ ions. When air was used as the gas phase, a yellow color (probably 
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due to formation of basic ferric acetate) appeared at the moment when the 
oxalacetic acid was tipped in. Subsequently oxygen was taken up at the 
same time that carbon dioxide was liberated, and the kinetics of the reaction 
were complex. Under anaerobic conditions (nitrogen as the gas phase, 
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Fig. 2. Effect of Fe**+ on the non-enzymatic decarboxylation of oxalacetate. 
Samples contained 0.1 m acetate, pH 5.0, oxalacetic acid equivalent to 150 ul. of CO2, 
and FeNH,(SO,)2 in the concentrations indicated, in a volume of 2.0 ml. Tempera- 
ture 30°; gas phase Nz. Curve 1 was calculated for a first order rate constant of 
0.292 min.~!, corresponding to the maximum rate with Cu**. 


30r 


Ounbwr 








yellow phosphorus in the center well), no yellow color appeared on tipping 
in oxalacetic acid, and the decarboxylation followed first order kinetics. 
Fe+*++ and Al+++ gave results different from those obtained with the other 
ions, and these effects are represented in Figs. 2 and 3. Decarboxylation 
of oxalacetate in the presence of these ions follows first order kinetics only 
at low cation concentrations (below 0.001 m). At higher concentrations 
the rates fall off more rapidly than expected for first order reactions, par- 
ticularly in the case of Fe+*++. Both ions give maximum rates of decarboxy- 
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lation at a concentration of about 0.001 m, and the maximum rates are lower 
than those observed with the most effective divalent cations, such as Zn+ 
and Nit+. The experiments with Fe+*+ were performed under anaerobje 
conditions. 

Effect of Cations on Enzymatic Decarboxylation of Oxalacetate—A prepara- 
tion of oxalacetic carboxylase from parsley roots, made as described in the 
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Fic. 3. Effect of Al*** on the non-enzymatic decarboxylation of oxalacetate. 
Samples contained 0.1 m acetate, pH 5.0, oxalacetic acid equivalent to 150 ul. of COs, 
and Al.(SO,)3 in the concentrations indicated, in a volume of 2.0 ml. Temperature 
30°. Curve 1 was calculated for a first order rate constant of 0.292 min.. 


preceding paper, was used in studying the effect of cations on the enzymati¢ 
decarboxylation of oxalacetate. In the absence of added divalent cations, 
decarboxylation of oxalacetate by the enzyme is very slow. All the divalent 
cations studied activate the enzyme; i.e., the rate of decarboxylation of 
oxalacetate in the presence of enzyme plus cation is greater than in the 
presence of cation alone, of enzyme alone, or of cation plus heat-inactivated 
enzyme. In all cases of activation, the reactions follow first order kinetics. 
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wer » [att ions do not activate the enzyme, and Fe*+* and Al*** ions give 

mnt | complex results, which are described later. 

‘obic In Fig. 4 the relative activity of the parsley root enzyme in the presence 
of different cations is plotted against the logarithm of the cation concen- 

ara- tration. The various ions give curves of similar shape which differ from 
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Fig. 4. Effect of various cations on the enzymatic decarboxylation of oxalacetate 
vootate Samples contained 0.1 m acetate, pH 5.0, 1 mg. of oxalacetic acid, 15 mg. of lyophilized 
of COs, parsley root enzyme, and various ions in the concentrations indicated, in a volume of 


erature 20ml. Temperature 30°. The rate with 0.01 m Mn** is taken as 100. The relative 
tate in the absence of added divalent cations was 1. 


ymatic 


each other in the position and height of the maximum. All of the ions ex- 
‘ations, } 


cept Mgt+ and Ba++ show maximum effects within the range of concen- 
ivalent trations studied. The maximum for Cat actually lies just at the highest 


tion o! concentration, 0.03 m; higher levels give lower enzyme activities. Of the 
bus . ions tested, Mn++ is most effective in activating the parsley root enzyme. 
tivat In most cases the first order rate constants for the decarboxylation of 
netics. 


oxalacetate in the presence of cation plus heat-inactivated enzyme are the 
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same as in the presence of an equal concentration of cation alone. This 
indicates that the inactivated protein does not firmly bind these jong 
However, the heat-inactivated protein reduces the rates obtained with Co+ 
and Nit+ at 0.03 m concentrations and with Zn*+* at concentrations of 0,003 
mM and above. Decarboxylation of oxalacetate in the presence of heated 
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Fic. 5. Effect of Fe*** on the enzymatic decarboxylation of oxalacetate. Sam- 
ples contained 0.1 M acetate, pH 5.0, oxalacetic acid equivalent to 150 ul. of CO:, 15 
mg. of lyophilized parsley root enzyme, and MnCl: or FeNH,(SO,)2 in the concen- 
trations indicated, in a total volume of 2.0 ml. Temperature 30°. 
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enzyme and Lat++ or Pb+* occurs at the same rate as that observed in the 
absence of added metal ions; the inactive protein abolishes the catalytic 
activity of these cations, although Pb** activates the unheated enzyme. 

Fet++ and Al*** gave anomalous results, which are represented in Figs. 
5 and 6. Decarboxylation of oxalacetate in the presence of these ions does 
not follow first order kinetics. At cation concentrations of 0.0001 and 
0.0003 m the rates in the unheated samples are the same as or slightly 
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greater than in the heated samples; both rates are considerably lower than 
those observed with the ions in the absence of any protein (compare with 
Figs. 2 and 3). At cation concentrations of 0.001 and 0.003 m the rates 
in the heated samples are equal to or greater than those in the unheated 
samples; both rates are somewhat lower than those observed in the absence 
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Fic. 6. Effect of Al*** on the enzymatic decarboxylation of oxalacetate. Samples 
contained 0.1 M acetate, pH 5.0, oxalacetic acid equivalent to 150 ul. of COs, 15 mg. 
of lyophilized parsley root enzyme, and MnCl, or Al.(SO,);3 in the concentrations in- 
dicated, in a total volume of 2.0 ml. Temperature 30°. 





of protein. At cation concentrations of 0.01 and 0.03 m, the rates in the 
unheated samples are the same as or greater than in the heated samples; 
both rates are greater than those found in the absence of protein. An 
explanation for these results is not apparent. When Fe+++ was present in 
high concentrations, some tendency to form deposits of basic ferric acetate 
on protein particles was noted. In any case, it seems unlikely that either 
Fe+*+ or Al+++ activates the parsley root carboxylase significantly. 

The activity of the carboxylase with mixtures of two different cations, 
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each in suboptimum concentration, was studied. In the presence of heated 
enzyme the effects produced by Zn** and Cd** are partially additive. The 
following first order rate constants were observed: 0.012 min. with 0.00] 
mM CdSQ,, 0.030 min.—! with 0.0003 m ZnSQ,, and 0.037 min.' with both. 
However, these cations compete in activating the unheated enzyme, so that 
intermediate activity is observed with both present. The relative enzyme 
activities (activity with 0.01 m MnCl, taken as 100) were 39 with 0.001 y 
CdSO,, 23 with 0.0003 m ZnSO,, and 35 with both. 

Experiments were carried out in which the acetate buffer was replaced 
by benzoate, phthalate, oxalate, succinate, tartrate, or citrate of the same 
pH and molar concentration. 0.001 m MnCl; was present, and the rate of 
decarboxylation of oxalacetate was measured with and without enzyme. 
All of the buffers except benzoate reduce the rate of non-enzymatic decar- 
boxylation below the level observed with 0.001 m Mnt* in acetate, and 
added enzyme is completely inactive. In the case of benzoate, the non- 
enzymatic rate is the same as with 0.001 m Mn‘ in acetate, but added 
enzyme is inactive. Probably phthalate, oxalate, succinate, tartrate, and 
citrate decrease the decarboxylation rate by forming complexes with Mn*, 
while benzoate more specifically inhibits the enzyme. 

DISCUSSION 

Krampitz and Werkman (4) first described the acceleration of the non- 
enzymatic decarboxylation of oxalacetate by metal ions for the particular 
case of Mg*+, and Krebs (3) investigated this effect of cations in greater 
detail. The results of his studies and of the experiments reported in the 
present paper may be summarized as follows: Many polyvalent cations 
accelerate the decarboxylation of oxalacetate. Of those tested, Zn** and 
Ni* are most effective. Anions and monovalent cations do not influence 
the reaction. This action of cations is general for the decarboxylation of 
B-keto dicarboxylic acids, such as oxalacetate, acetonedicarboxylate, and 
oxalosuccinate (5). Non-enzymatic decarboxylation of a- or 8-keto mono- 
carboxylic acids is not affected by metal ions. 

Enzymes which catalyze the decarboxylation of oxalacetate have been 
found in bacteria (4, 6), animal tissues (7), and plants (1). All these 
enzymes require metal ions for full activity, and Mn** has nearly always 
been employed. However, complete studies on the cation specificity of 


oxalacetic carboxylases from various sources have not been made. The , 


carboxylase from parsley roots is activated by a considerable number of 
divalent positive ions, including Cut+, Pb++, Ba++, Mgt+, Fet*, Ni™, 
Zn++, Ca++, Cd++, Cot+, and Mn++; Mn++ is most effective. There is no 
obvious correlation between the activities of the ions in the presence and 
absence of enzyme, but it appears that maximum activation of the enzyme 
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is achieved at lower concentrations than are required for maximum rates of 
decarboxylation in the absence of enzyme. A similar carboxylase prepared 
from the red radish is active in the presence of Pbt*+, Ni**, Zn*+, Mg**, 
Cd++, Cot+*, and Mn*+; Mnt* again gives the most rapid rates.' Oxal- 
acetic acid carboxylase from pigeon liver is activated by Mn** (7) and less 
effectively by Cot*+.2. The enzyme from Micrococcus lysodeikticus functions 
with Mg++ or Mnt* (4, 8) and that from Escherichia coli with Mn** (6). 

The concentrations of divalent cations in intact plant tissues are prob- 
ably not sufficiently high to permit maximum activity of oxalacetic carboxy- 
lase unless the ions are localized at the site of enzyme action. For example, 
the Mn++ content of parsley and parsnip roots is only about 0.075 mM per 
1000 gm. of fresh weight.* A number of the cations which activate the 
plant carboxylases are essential nutrients for plants; for example, Cut, 
Mgt+, Fe+*, Zn**+, Ca**, and Mn** (10). These ions may function in 
part as cofactors for oxalacetic carboxylase or other enzymes of wide dis- 
tribution and possible great importance in plant metabolism. 

Kornberg, Ochoa, and Mehler (8) have recently presented evidence that 
the effect of cations such as Al**+* and Mn** on oxalacetate decarboxylation 
is due to formation of an unstable cation-oxalacetate complex, which de- 
composes to give pyruvate, carbon dioxide, and free cation. The carboxy- 
lase protein appears to accelerate the formation or breakdown of the 
complex. A number of cations seem capable of forming such complexes 
with oxalacetate; the affinity between metal ions and oxalacetate and the 
tate of decomposition of the complex vary with the different metal ions. 


, The ability of enzymes to accelerate the formation or breakdown of certain 


of these complexes introduces a new element of specificity into the effects, 


since enzymes from different sources may vary in their activity with differ- 
ent ions. 


SUMMARY 


Decarboxylation of oxalacetic acid in the presence of polyvalent cations 
follows first order kinetics. The rates of decarboxylation with fourteen 
different ions over a range of concentrations are reported. The enzyme 
oxalacetic carboxylase from parsley roots is activated by a number of 
divalent cations, of which Mn++ is most effective. The relative enzyme 
activities with different concentrations of these metal ions are given. 


‘These experiments were performed by Miss Miriam C. Gollub of this depart- 
ment. 


* Personal communication from Dr. Birgit Vennesland. 


* The analyses were kindly carried out by Dr. Ernest Kun, using a procedure which 
he has recently described (9). 
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A GENERAL METHOD FOR THE SYNTHESIS OF 
a,y-DIAMINO ACIDS* 
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(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University 
of Illinois, Urbana) 


(Received for publication, October 28, 1948) 


Carter and his associates (1, 2) have described the degradation of strep- 
tamine to a,y-diamino-8-hydroxyglutaric acid. In order to compare this 
product with a compound obtained synthetically, a study of the preparation 
of a,y-diamino acids was undertaken. Of particular interest was a,y-di- 
aminoglutaric acid, which might be expected to result from further degrada- 
tion of a,y-diamino-8-hydroxyglutaric acid. Another substance prepared 
in the course of this work, a,y-diaminobutyric acid, is of current interest 
as a result of the discovery of its presence in the antibiotic substances 
polymyxin and aerosporin. 

A survey of the literature revealed that no general method was available 
for the synthesis of a ,y-diamino acids and that very few compounds of this 
type were known. A number of investigators (3-7) have described the 
preparation of a,y-diaminobutryic acid (L and put forms). However, the 
methods employed were tedious, gave poor yields, and were not generally 
applicable. 


In considering possible methods of synthesis of a,y-diamino acids, the 


) reduction of pyrazoline-3-carboxylic esters appeared promising, especially 


since a wide variety of pyrazolines is readily available. 





RCHN; + R’CH==CHCO:R” —— R’—CH—— i agen 
| 
R—CH N 
ae 
NH 
R’ 


| 


—— RCH—CH—CH—CO.H 


| 
NH; NH: 





*The authors wish to express their appreciation to the Abbott Laboratories, Eli 
Lilly and Company, Parke, Davis and Company, and The Upjohn Company for a 
generous grant in support of this work. Part of the material presented in this paper 
was taken from the thesis submitted by F. R. Van Abeele to the Graduate College of 
the University of Illinois in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy in Chemistry. 

} Present address, Eli Lilly and Company, Indianapolis, Indiana. 
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This reaction has received but little attention. Balbiano (8), in 1888, re. 
ported the reduction of pyrazolines to diamines with sodium and alcohol. 
but the possible synthetic applications of this reaction have not been in. 
vestigated. Thoms and Schnupp (9) found that the catalytic reduction of 
pyrazoles proceeded only to the pyrazolidine stage. However, it seemed 
likely that further reduction to the diamine might be effected under the 
proper conditions and an investigation of this reaction was undertaken, 

It was discovered that the reduction of pyrazoline-3-carboxylic esters 
proceeds smoothly and rapidly at high pressures of hydrogen with Raney’s 
nickel catalyst. From the reduction product excellent yields (usually over 
80 per cent) of a,y-diamino acids were obtained. The compounds pre- 
pared in this way include a ,y-diaminobutyric acid, & ,y-diamino--methyl- 
butyric acid, a,y-diamino-$§-phenylbutyric acid, a,y-diaminoheptanoic 
acid, and a ,y-diaminoglutaric acid. 

In certain cases the first 2 atoms of hydrogen were absorbed readily, 
probably with the formation of a pyrazolidine,' and more strenuous condi- 
tions were required to complete the reduction. After removal of the 
catalyst the reaction mixtures were usually clear and colorless, indicating 
that little or no side reaction had occurred. The primary reduction prod- 
ucts were hydrolyzed with aqueous hydrochloric acid and the a,y-diamino 
acids were isolated as hydrochlorides, except in the case of a ,y-diamino- 
glutaric acid which was obtained as the free amino acid. 

In every case except a,y-diaminobutyric acid, two racemic forms are 
possible. Therefore, the reduction products were examined carefully for 
homogeneity. It was possible to separate two racemic forms of a,y- 
diaminoheptanoic acid by fractionation of the crude monohydrochlorides 
from aqueous alcohol-ether mixtures. a,7-Diamino-§-phenylbutyric acid 
monohydrochloride also appeared to consist of a mixture of isomers in 
approximately equal amounts. The major portion of the crude a,y- 
diamino-6-methylbutyric acid consisted of a single racemic form. The 
second isomer (if present) was not isolated. a,y-Diaminoglutaric acid was 
examined with special care for the possible presence of isomeric forms. 
In one reduction an 88 per cent yield of the crude diamino acid was ob- 
tained from dimethyl pyrazoline-3 ,5-dicarboxylate. 75 per cent of this 
material was obtained in a purified, apparently homogeneous state. This 
product gave a dibenzoyl derivative (78 per cent yield) melting at 206-209", 
which on recrystallization from hot water showed no evidence of fractiona- 
tion. The dibenzoyl derivative on treatment with diazomethane gave 4 
dimethy] ester in almost quantitative yield. The ester melted sharply ina 


capillary tube (139-141°), but on the block under a polarizing microscope | 


two types of crystals were observed. Careful fractionation of this material 


' Catalytic reduction of hydrazones and azo compounds usually proceeds readily 
to the hydrazine stage, but cleavage of the latter may require more drastic conditions. 
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led to the separation of two isomers, one melting at 152-153°, the second at 
179-180°. The former is more soluble in cold acetone than the latter but 
has approximately the same solubility in acetone-hexane mixtures. This 
differential solubility behavior provided a satisfactory basis for fractiona- 
tion of mixtures of the two methyl esters. The esters melting at 152-153° 
and 179-180° yielded dibenzoylaminoglutaric acids melting at 203-204° 
and 215-217° respectively. There is very little depression of melting point 
on mixing the two acids. 

The two isomeric ethyl a,y-dibenzoylaminoglutarates (m.p. 130—132° 
and 158-160°) were separated in the same manner as the dimethy] esters. 

In a later run a small quantity of dimethyl pyrazoline-3 , 5-dicarboxylate 
was reduced with a higher ratio of nickel catalyst to pyrazoline. The re- 
duction proceeded more rapidly, and the product gave a dibenzoyl deriva- 
tive containing a high proportion of the 215-217° isomer. This result 
indicates that the relative amounts of the two isomers produced in the 
reduction may vary considerably with the conditions employed. A further 
study of this point seems desirable. 

The properties of the a,y-diamino acids are those which might be ex- 
pected. The basic amino acids were obtained as the dihydrochlorides and 
monohydrochlorides (in one case as the dipicrate). It is perhaps worthy of 
note that the dihydrochlorides have two disadvantages as characterizing 
derivatives. They tend to be hydrated and they lose hydrogen chloride 
(yielding the monohydrochloride) on being heated in vacuo or on repeated 
recrystallization. The latter difficulty can be avoided by recrystallizing the 
dihydrochloride from glacial acetic acid containing hydrochloric acid. 
However, with alcohol-ether as the solvent even the addition of small 
amounts of hydrochloric acid does not entirely prevent loss of hydrogen 
chloride. The monohydrochlorides of these amino acids are excellent 
derivatives. They crystallize readily from alcohol or alcohol-ether and 
show little or no tendency to exist as hydrates. 

The Van Slyke amino nitrogen values were theoretical if the reaction time 
was prolonged to 10 minutes. Dibenzoyl derivatives of the amino acids 
were readily prepared in good yields. 

There is no reason why the reduction of pyrazolines should be limited to 
those compounds which have a carboxyl group in the 3 or 5 position. 
Although the preparation of other 1,3-diamines was not investigated, it 
appears likely that a wide variety of such compounds, which might other- 
wise be practically inaccessible, could be prepared by this method. 


EXPERIMENTAL 


Di-a yy-Diaminobutyric Acid—Ethyl pyrazoline-3-carboxylate was pre- 
pared in a quantitative yield according to a modification of the method of 
von Auwers and Cauer (10). A cold solution of 10 gm. (0.1 mole) of ethyl 
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acrylate in 100 ml. of absolute ether was added with shaking to a cold 
solution of 7.6 gm. (0.19 mole) of diazomethane in 300 ml. of absolute ether. 
The solution was allowed to stand at 5° for 2 hours with occasional shaking, 
The excess diazomethane was volatilized at 40° and the resulting colorless 
solution was concentrated under reduced pressure. The residue was trans. 
ferred to a filter with the aid of 50 ml. of low boiling petroleum ether. The 
filtration was conducted rapidly, since the product is unstable in air. The 
yield of white crystalline material melting at 69-70° was 14.1 gm. This 
material was used without further purification. A 92 per cent yield of ethy! 
pyrazoline-3-carboxylate was obtained by the same procedure from only | 
mole of diazomethane per mole of ethyl acrylate. 
Ethyl pyrazoline-3-carboxylate (14.1 gm.) was dissolved in alcohol and 
reduced in the presence of Raney’s nickel at 3500 pounds of hydrogen and 
65°. The theoretical amount of hydrogen was absorbed in 3 hours. After 
removal of the catalyst, the combined filtrate and washings were concen- 
trated under reduced pressure to a thick syrup. This was dissolved in 200 
ml. of 20 per cent hydrochloric acid and boiled under a reflux for 3 hours 
The solution was decolorized and concentrated in vacuo. Alcohol (200 ml. 
was twice added and removed in vacuo. The resulting semisolid mass was 


treated with 150 ml. of alcohol and 400 ml. of ether. A quantitative yield » 


of the crystalline dihydrochloride was obtained. For recrystallization the 
dihydrochloride (1.0 gm.) was dissolved in 15 ml. of concentrated hydro- 
chloric acid and 100 ml. of glacial acetic acid were added to the solution. 


The pure dihydrochloride (0.95 gm.) separated as prisms. This material | 
melted at 175-180° on a micro block? and at 200-201° in a capillary. It has | 


previously been obtained by Akabori and Numano (7) who reported a 
melting point of 202-204°. 

For further characterization the dipicrate was prepared by the addition of 
the calculated amount of picric acid to a hot aqueous solution of the 
dihydrochloride. On cooling the dipicrate separated as long needles. 
For analysis a,y-diaminobutyric acid dipicrate was recrystallized from 
water, giving material which melted with decomposition at 191—193°. 


CisHi6OieNs. Calculated. C 33.34, H 2.80, N 19.44 
(576.4) Found. “* 33160; *" 2:08: ** 19:66 


Repeated recrystallization of ,y-diaminobutyric acid dihydrochloride 
from alcohol-water mixtures gave the monohydrochloride which melted 
with decomposition at 246-248°. 


C.Hi,N:0.Cl. Calculated. C 31.07, H 7.11, N 18.06, NH2-N 18.06 
(154.6) Found. OTS 10.) "Tze, *" 1786, ‘* 18.30, 18.00 

? The melting and decomposition points reported in this paper were determined 00 
a K6fler micro block unless otherwise specified. 
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a,y-Diamino-8-methylbutyric Acid—Methyl 4-methylpyrazoline-5-car- 
boxylate was prepared from methyl crotonate and diazomethane as de- 
scribed for ethyl pyrazoline-3-carboxylate. Von Auwers and Cauer (10) 
found it necessary to distill the pyrazoline before crystallization could be 
induced. In our preparation an 88 per cent yield of pure crystalline 
pyrazoline was obtained directly from the reaction mixture after distillation 
of the volatile components and cooling the residue in a dry ice-acetone mix- 
ture. The product melted at 33-35° (capillary). When not used imme- 
diately it was stored under nitrogen at 5°. 

Reduction of the pyrazoline and hydrolysis of the reduction product were 
carried out under the conditions used for a,y-diaminobutyric acid. The 
hydrolysate was concentrated to a syrup in vacuo. On treatment with 
absolute alcohol the crystalline a,y-diamino-8-methylbutyric acid di- 
hydrochloride was obtained in an 82 per cent yield. The material was 


recrystallized from glacial acetic acid containing hydrochloric acid. The 
pure product melted at 120-123°. 


C;H,,N202Cl.- HO. Calculated. C 26.92, H 7.23, N 12.56 
(223.1) Found. 20.10; 4.0%, tae 


When heated zn vacuo or recrystallized from alcohol, the dihydrochloride 
gradually lost hydrogen chloride. a@,y-Dibenzoylamino-6-methylbutyric 
acid was obtained in an 82 per cent yield from the dihydrochloride in the 
usualmanner. After being recrystallized from hot water, it melted at 192°. 
For analysis it was dried in vacuo over P.O; for 3 hours at 78°. 


Ci9HooN2O,. Calculated. C 67.04, H 5.92, N 8.23 
(340.4) Found. ** 66.95, ‘‘ 5.98, ‘* 8.38 
Neutral equivalent, 344 


a,y-Diaminoheptanoic Acid—Ethyl 3-n-propylpyrazoline-5-carboxylate 
was prepared from diazobutane and ethyl acrylate. To an ethereal solution 
of diazobutane (from 33 gm. of N-nitroso-6-butylaminoisobutylmethy]l- 
ketone (11)) at —70° were added 6.5 gm. of ethyl acrylate. The addition 
was made dropwise, with vigorous shaking, and was stopped as soon as the 
color of diazobutane disappeared. The reaction was almost instantaneous. 
The colorless solution was concentrated under reduced pressure (20 mm., 
55°) to a colorless oil. This product weighed 11.5 gm. or 96 per cent of the 
theoretical amount. The material was dissolved in alcohol and reduced 
immediately. 

At an initial hydrogen pressure of 3500 pounds at 70°, the theoretical 
amount of hydrogen was absorbed in about 2 hours. After removal of the 
catalyst and evaporation of the alcohol in vacuo the remaining syrup was 
boiled under a reflux for 3 hours with 300 ml. of 20 per cent hydrochloric 
acid. The hydrolysate was decolorized and concentrated in vacuo to a 
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semicrystalline mass. The crude dihydrochloride was dissolved in 200 ml. 
of warm absolute alcohol and treated with a hot solution of 5 ml. of pyridine 
in 50 ml. of absolute alcohol. On cooling, the crystalline a ,y-diamino- 
heptanoic acid monohydrochloride separated. Additional material could 
be obtained by treating the mother liquors with ether. The yield was 5.6 
gm. or 47 per cent of the theoretical amount. On examination of this ma- 
terial on the micro block, it appeared to exist in two crystalline forms, 
needles (I) and triangular plates (II). The needles appeared to melt at a 
lower temperature than the plates; the melting point of the mixture was 
209-211°. 

The separation of the isomeric hydrochlorides was accomplished by 
fractional crystallization from aqueous alcohol and aqueous alcohol-ether 
mixtures. The higher melting form was obtained in pure state after several 
recrystallizations from 85 to 90 per cent alcohol. It consisted entirely of 
thin triangular plates which melted at 232°, and was designated as hydro- 
chloride (II). After drying at 78° in vacuo the following analyses were 
obtained. 


C7Hi;N202Cl. Calculated. C 42.75, H 8.72, NH2-N 14.25 
(196.67) Found. ** 42.92, ** 8.99, ‘* 14.35, 14.52 


The second isomer was obtained from the mother liquors of (II) by treat- 
ment with absolute alcohol and ether. This material consisted of beautiful 
bundles of needles which melted at 208-209°. For analysis it was dried for 
3 hours at 78° in vacuo. It was designated as hydrochloride (I). 


C;H,;N:02:Cl. Calculated. C 42.75, H 8.72, N 14.25, NH2-N 14.25 
(196.67) Found. “ 49.96, “ 8.85, “14.07, “ 14.87, 14.64 


These materials were not interconvertible on crystallization. As further 
evidence that they were diastereoisomers, the dibenzoyl derivatives were 
prepared in the usual manner from excess benzoyl chloride in dilute sodium 
hydroxide. 

The dibenzoy] derivative of (I) melted at 174° after being recrystallized 
from a benzene-methanol-petroleum ether mixture. For analyses it was 
dried in vacuo for 3 hours at 78°. 


CaHeyN20,. Calculated. C 68.46, H 6.57, N 7.61 
(368.4) Found. ** 68.62, “‘ 6.61, ‘* 7.47 
Neutral equivalent, 369 


a,y-Dibenzoylaminoheptanoic acid (II), prepared similarly, melted at 
191-193°. 


Co:HaN20,. Calculated. C 68.46, H 6.57, N 7.61 
(368.4) Found. ‘* 68.75, ‘* 6.61, ‘ 7.58 
Neutral equivalent, 368 
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a,y-Diamino-8-phenylbutyric Acid—Ethy] 4-phenylpyrazoline-5-carbox- 
ylate was prepared in an 89 per cent yield according to the procedure 
of von Auwers and Cauer (10). The reduction of the material was carried 
out under the conditions used for a ,y-diaminoheptanoic acid and was com- 
plete in 3 hours. A 70 per cent yield of a ,y-diamino-6-phenylbutyric acid 
monohydrochloride was obtained by the isolation procedure employed in 
the above preparation. The material melted with decomposition at 
206-210° and appeared to be a mixture of isomers. For analyses it was 
recrystallized from aqueous alcohol-ether and dried in vacuo over P.O; for 
3 hours at 78°. 


CyoHisN202Cl. Calculated. C 52.06, H 6.55, N 12.15, NH2-N 12.15 
(230.7) Found. ** §2.02, “* 6.90, ‘12.28, “ 12.56, 12.64 


a,y-Diaminoglutaric Acid—Dimethyl] pyrazoline-3 ,5-dicarboxylate was 
prepared by Buchner and Papendieck (12) who reported a 52 per cent yield. 
Using the procedure of these workers we obtained yields consistently 80 per 
cent or better. 41.5 gm. of dimethyl] pyrazoline-3 , 5-dicarboxylate in 100 ml. 
of alcohol were reduced at 3500 pounds of hydrogen at 60° in the presence of 
Raney’s nickel. About 50 per cent of the theoretical amount of hydrogen 
was absorbed in 3 hours. The temperature was raised to 115° and the re- 
duction was complete in an additional 3 hours. After removal of the 
catalyst the filtrate and washing were concentrated under reduced pressure 
to a thick blue syrup. The color was probably due to coordination com- 
pounds with nickel. The reduction product was hydrolyzed for 3 hours in 
300 ml. of 20 per cent hydrochloric acid. After being decolorized, the 
solution was concentrated in vacuo to a thick syrup. In order to remove 
excess hydrochloric acid, 100 ml. of aleohol were twice added and removed 
under reduced pressure. The material was then dissolved in 500 ml. of 80 
per cent alcohol and 30 ml. of concentrated ammonium hydroxide were 
added dropwise until the odor of ammonia persisted after thorough shaking. 
a,y-Diaminoglutaric acid crystallized as fine needles. After thorough 
cooling, it was collected on a filter and washed with 100 ml. of cold water, 
100 ml. of alcohol, and 100 ml. of ether. The dried product weighed 32 gm. 
or 88 per cent of the theoretical amount. For recrystallization, the ma- 
terial was dissolved in 3 liters of hot water, the solution was filtered, and to 
the filtrate were added 3 liters of hot alcohol. On cooling, the amino acid 
separated as needle-like prisms. The purified material weighed 24.1 gm. 
and appeared homogeneous. It decomposed above 250° without melting. 
For analysis the amino acid was dried in vacuo over P;O; for 3 hours at 78°. 


CsHioN20,. Calculated. C 36.99, H 6.22, N 17.28, NH-N 17.28 
(162.6) Found. “ 36.67, “ 6.27, “17.23, ‘ 17.12, 17.60 


a,y-Dibenzoylaminoglutaric acid was prepared in the usual manner. 
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After recrystallization from hot water, a 78 per cent yield of pure material, 
which melted at 206-209°, was obtained. The following analyses were 
obtained after drying in vacuo over P.O; for 3 hours at 78°. 


CisHisN20¢. Calculated. C 61.61, H 4.90, N 7.57 
(370.35) Found. 'OL-O0,  SiGd, "eho 


For the preparation of dimethyl a ,y-dibenzoylaminoglutarate, 5 gm. of 
the acid were suspended in ether and treated with a slight excess of diazo- 
methane in ether. The product (5.2 gm.) melted at 139-141° and gave the 
correct elementary analyses. It was dissolved in 35 ml. of boiling acetone 
and 170 ml. of hot hexane (b.p. 60-68°) were added, producing a slight 
turbidity. After standing at room temperature for 12 hours the pre- 
cipitate was filtered, washed twice with cold hexane, and dried, giving 2.15 
gm. of crystalline rods melting at 151-153°. Recrystallization of this 
material from acetone (35 ml.) and hexane (70 ml.) gave a pure product 
melting at 152-153°. For analysis it was dried in vacuo over P.O; at 78° 
for 3.5 hours. 


C2H22N20¢. Calculated. C 63.30, H 5.57, N 7.03 
(398.41) Found. ** 63.38, ‘* 5.38, ‘* 7.07 


The filtrate from the above separation was taken to dryness. The white 
solid was dissolved in 20 ml. of hot acetone, and hot hexane (b.p. 60-68°) 
was added slowly until a slight turbidity was evident (110 ml.). After 
standing at room temperature for 12 hours a mixture of white crystals 
separated. The solvent was removed and the residue dried. It was 
washed three times with 5 ml. portions of cold acetone which removed the 
152-153° isomer. From the acetone washings after two recrystallizations 
was obtained 0.72 gm. of white rods melting at 152°. 

The residue from the acetone extraction was recrystallized 3 times by 
dissolving it in hot acetone and adding hot hexane until the solution became 
turbid (about 20 volumes). 850 mg. of fine, silky white rods melting at 
179-180° were obtained. For analysis the product was dried in vacuo over 
P.O; for 4 hours at 78°. 


Co,Ha2N2O¢. Calculated. C 63.30, H 5.57, N 7.03 
(398.41) Found. ** 63.42, ‘* 5.65, “ 7.07 


The filtrates from the above separations, combined and reworked by a 
similar procedure, yielded 250 mg. of the 152-153° isomer and 300 mg. of 
the 179-180° isomer. Total recovery of the 152—153° isomer was 3.12 gm. 
(60 per cent); of the 179—180° isomer, 1.15 gm. (22 per cent). 

Diethyl a ,y-dibenzoylaminoglutarate was prepared by dissolving 1.0 gm. 
of the crude acid in 125 ml. of absolute ethanol to which 0.5 ml. of acety! 
chloride had been added. After 4 days at room temperature the solvent 
was removed under reduced pressure and the residual material crystallized 
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on the addition of a small quantity of water. The crude product after 
being recrystallized from ethanol-water melted at 124-129°. For analysis 
it was dried zn vacuo over P.O; for 3 hours at 60°. 


CosHogN2Oc¢. Calculated. C 64.77, H 6.14, N 6.57 
(426.46) Found. ** 64.97, ‘* 6.19, ** 6.61 


This material was separated into two isomers melting at 130-132° and 
158-160° respectively by the method employed in separating the methyl 
esters. 

The two methyl a,y-dibenzoylaminoglutarates were converted to the 
corresponding acids as follows: 1.0 gm. of the ester melting at 152-153° was 
treated with 150 ml. of 0.1 N potassium hydroxide in 90 per cent methanol at 
room temperature for 20 hours. The solution was acidified to pH 3.2 with 
hydrochloric acid and the methanol removed in vacuo. ‘The aqueous solu- 
tion was then readjusted to pH 1.5 and taken to dryness. Traces of hydro- 
chloric acid were removed in a vacuum desiccator over potassium hydroxide. 
The solid was recrystallized 3 times from 100 ml. portions of boiling water. 
660 mg. of large white needles melting at 203-204° were obtained. The 
analytical sample was dried zn vacuo over P.O; for 6 hours at 78°. 


CigHisN20¢. Calculated. C 61.61, H 4.90, N 7.57 
(370.35) Found.  Gt.00, S11, “ 7:38 


350 mg. of the isomer melting at 179-180° were treated in a similar 
manner with 50 ml. of 0.1 N potassium hydroxide in 90 per cent methanol. 
280 mg. of white rods were recovered which, after three recrystallizations 
from 50 ml. portions of boiling water, melted at 215-217°. The analytical 
sample was dried in vacuo over P.O; for 6 hours at 78°. 


Cy9HisN20¢. Calculated. C 61.61, H 4.90, N 1.57 
(370.35) Found. “© 61.75, ‘* 4.99, ** 7.74 


SUMMARY 


1. The reduction of pyrazoline-3-carboxylic esters proceeds smoothly, 
giving excellent yields of a,y-diamino acids. a@,y-Diaminobutyric acid, 
a,y-diamino-8-methylbutyric acid, a,y-diaminoglutaric acid, a ,y-diamino- 
8-phenylbutyric acid, and a,y-diaminoheptanoic acid have been prepared 
by this method. Two racemic forms of the last three amino acids were 
produced in the reduction. 


The reduction of pyrazolines should afford an easy approach to a wide 
variety of 1,3-diamino compounds. 
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ABSORPTION SPECTRA* 


Vil. THE INFRA-RED SPECTRA OF SOME NUCLEIC ACIDS, NUCLEO- 
TIDES, AND NUCLEOSIDES 


By ELKAN R. BLOUT anv MELVIN FIELDS 


(From the Chemical Research Laboratory, Polaroid Corporation, Cambridge, 
Massachusetts) 


(Received for publication, October 12, 1948) 


Nucleoproteins, which seem to be present in viruses, bacteria, animal 
tissue, and plant tissue and partake in many vital processes (3), are con- 
jugates of various proteins with nucleic acids, and as such may vary in 
many ways depending on the specific chemical, and perhaps spatial, com- 
position of the whole structure. The brilliant work of Levene (4) and 
many subsequent investigators (5, 6) has shown that the nucleic acid 
moieties are polymers of nucleotides (purine or pyrimidine-sugar-phos- 
phates), but little is known concerning the actual structural details. 

The two presently recognized types of nucleic acids are that in which 
the sugar residue is pentose (D-ribose) and that in which the sugar residue 
is desoxypentose (2-desoxyribose); the first type is exemplified by the 
nucleic acid which may be prepared from yeast; the second type has been 
obtained from thymus glands, rat livers, ete. Another difference between 
the ribose and desoxyribonucleic acids occurs in the pyrimidine portions 
of the molecules; ribonucleic acid contains cytosine and uracil, whereas 
the desoxyribonucleic acid contains cytosine and thymine (5-methyluracil) 
(4), but both materials seem to contain the same purines, namely adenine 
and guanine. There is also some evidence that the two types of nucleic 
acids may differ markedly in molecular weight (6, 7), but such work must 
be closely scrutinized because of the varying methods of extraction and 
treatment of the materials. The ultraviolet absorption of both types of 
nucleic acid is essentially similar (8), and it is doubtful whether one can 
differentiate between them in this region of the spectrum by usual tech- 
niques. Our investigation was undertaken with the purpose of attempt- 
ing to differentiate different types of nucleic acids and their components 
by means of their infra-red spectra. 

It is well known that absorption in the infra-red region of the spectrum 
is characteristic of particular molecular groupings (9) and relates to the 
vibrational-rotational motions of the atoms. Thus two closely related 


*For Paper VI, see Blout, Fields, and Karplus (1). A preliminary note on some 
of the work reported in the present paper has appeared (2). Supported in part by 
funds from the Office of Naval Research. 
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substances may be easily differentiated by minor chemical differences. 
such as the replacement of a hydroxyl group by a hydrogen; even in large 
molecules and polymers, it is possible to detect small differences jp 
composition (10). 

The infra-red spectra of ribonucleic acid (from yeast) and desoxyribo- 
nucleic (from thymus) are shown in Fig. 1 for the region of 2 to 15 u (670 
to 5000 cm.~'). Certain similarities between the two spectra appear ob- 
vious; for example, the strong absorptions around 3 yp (which are probably 
associated with hydroxyl and amino stretching vibrations), the bands at 
6 w (C=C, C=N, and C=O stretching), the bands at 8 uv, and the strong 
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Fia. 1. Infra-red spectra of ribonucleic acid and desoxyribonucleic acid 


bands at 9.2 u. The differences between the spectra of the two materials 
seem to lie mostly at wave-lengths longer than 9 y; in particular the desoxy 
compound shows a band at 9.8 u, not shown in ribonucleic acid in which 
the 9.2 u band is symmetrical, and the ribonucleate has a band at 11.7 » 
which is not present in the several samples of desoxyribonucleic acid that 
we have examined.! We have not attempted to give any assignment 
to these absorptions. 


1 It should be noted that because of the very slight solubility of the nucleic acids, 
nucleotides, and nucleosides in any but aqueous solvents and the rather strong 
absorption of infra-red by water in the region 2 to 15 u except in very thin layers it 
is necessary to measure these materials in the solid state. We have used the follow- 
ing techniques: (a) ‘‘casting’’ of a concentrated aqueous solution on silver chloride 
disks, followed by removal of the water, leaving a continuous film; (6) evaporation 
of the material in high vacuum upon sodium chloride disks; (c) finely divided powders 
on sodium chloride disks; and (d) powders mulled into mineral oil. These methods 
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The spectra of three nucleotides (yeast adenylic,? cytidylic, and guanylic 
acids) have also been determined and are shown in Fig. 2. Guanylic acid 
gave a satisfactory film upon casting from aqueous solution, but since 
adenylic and cytidylic acid did not, they were measured as powders, which 
explains the sloping absorption cut-offs shown by these materials at wave- 
lengths shorter than 5.5 4. For a comparison of the two techniques we 
also measured the same sample of guanylic acid as a powder and repro- 
duced its spectral curve in Fig. 2. It is obvious from this and other ma- 
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terials measured in our laboratory that powder films generally give less 
clearly defined bands than cast or evaporated films, probably due to the 
scattering of the radiation even at these relatively long wave-lengths (11). 
These nucleotides are characterized by the strong band or group of bands 
around 6 pu eeniioe to those seen in the nucleic acids. in mame all at 








are iiieeribed 5 in the exantliaiil section and the biediohions used is noted in the lower 
right-hand corner of each spectral curve. 

Preliminary measurements on a sample of adenosine-5-phosphate (kindly sup- 
plied by Dr. Fritz Lipmann) have been made in an attempt to differentiate it from 
the isomeric 3-phosphate (yeast adenylic acid). 
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compounds show a band in the region of 9.2 to 9.6 wu. However, from the 
differences in the spectra of the nucleotides at wave-lengths in the region 
of 7 to 15 yp, it is obviously possible to differentiate samples of these ma- 
terials by such measurements. 
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Fig. 3. Infra-red spectra of yeast adenosine, guanosine, and xanthosine 


The infra-red spectra of the natural purine ribosides, adenosine and 
guanosine, as well as the analogous compound, xanthosine, have also been 
measured and the spectral curves are reproduced in Fig. 3. All the curves 
are characterized by at least two intense absorption bands in the 3 u region 


3’ Measurements on too few materials have been made to locate any bands ass0- 
ciated with the phosphoric ester portion of the molecules with certainty, although 
unpublished observations of H. W. Thompson (12) indicate that phosphites and 
phosphonates absorb in the region of 10.4 to 11.84. 
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(presumably N—H and O—H stretching) and two intense bands in the 6 
y region (C=C, C=N, or C=O stretching). Numerous other bands (pos- 
sibly useful for analytical purposes) are observed at longer wave-lengths, 
including a seemingly characteristic strong absorption in the region 9.2 to 
9.6 u. When adenosine was measured both as an evaporated film and as 
a powder, good agreement was obtained between the spectra (Fig. 3). 
Comparison of the spectral curve of xanthosine, as a powder in mineral 
oil, with that obtained on an evaporated sample indicates, however, that 
changes in this material must have occurred during the sublimation, since 
the spectra beyond 8 u do not agree either in location or intensity of many 
of the important bands. Perhaps this difference in behavior between 
adenosine and xanthosine is associated with the free hydroxyl groups on 
the purine portion of the xanthosine which are not present in adenosine. 
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Fig. 4. Infra-red spectra of p-ribose 


Finally we have determined the infra-red spectrum of p-ribose (Fig. 4). 
This material, determined as a powder film, shows very sharp absorption 
bands beyond 6.5 w. This is perhaps due to a more uniform particle size 
distribution because of the crystalline nature of the material. The strong- 
est band in the spectrum is that at 9.3 « (O—H bending) and seems to 
be correlatable with strong bands in the 9.2 to 9.6 u region observed in the 
more complicated ribose-containing compounds described above. 

We wish to acknowledge the assistance of Miss P. L. Snow and Miss 
A. P. Sutton, who gave invaluable technical aid in this work. 


EXPERIMENTAL 


Materials‘—All of the materials were obtained from commercial sources 
and purified when necessary as shown by ultraviolet absorption measure- 
ment or elementary analysis. The data are shown in TableI. The ribose 

‘We are particularly indebted to Dr. Earl D. Stewart of the Schwarz Laboratories 


for supplying us with samples of some materials not commercially available and 
with some of the elementary analysis data. 
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used had a melting point of 82-83° and [a]** = —19.60° (reported by 
Levene and Jacobs (17), m.p. 86-87° anda, = —19.5°). 

Preparation of Samples—Four techniques were employed in the prepa- 
ration of samples for infra-red measurements; viz., (a) powder films on 
sodium chloride disks, (b) powders mulled in mineral oil, then spread on 
sodium chloride disks, (c) high vacuum sublimation (at ~10-° mm. of 
Hg) onto sodium chloride disks, and (d) casting of aqueous solutions to 
give continuous films on silver chloride disks. The particular method used 
for each compound is noted on the absorption curve. 

Powder Films (11)—To prepare a sample by this method, a small quantity 
of the compound is ground as finely as possible in an agate mortar; a thin 
layer of the powder is then spread as evenly as possible over the face of a 
rock salt disk. A second rock salt disk is then placed on top of the first 
and rotated slightly so as to produce a more uniform layer. Uniform dis- 
tribution of the powder over the rock salt disk is facilitated by sifting the 
material through a fine mesh screen. 

Mineral Oil Suspension—When the preparation of satisfactory powder 
specimens failed, a sample of the material was ground in mineral oil and 
the suspension placed between rock salt disks for measurement. This 
technique has the advantage of reducing scattering and of yielding a more 
uniform sample. On the other hand, the use of mineral oil suffers from 
the disadvantage that it introduces absorption bands due to the oil. These 
bands, which occur around 3.4 » (C—H stretching) and at 6.8 and 7.2 u 
(CH, and CH; deformation), must be corrected for by measuring the 
sample against an identical cell filled only with mineral oil. This pro- 
cedure was employed for guanosine and xanthosine. 

Vacuum Sublimation—An apparatus was used in which the sample was 
sublimed (e.g., adenosine sublimed at 170-190° at approximately 10-5 
mm. of Hg pressure) directly onto a clean rock salt disk held dbout 3 inches 
away from the material. In general films obtained by this method are 
very uniform and often are completely transparent in the visible region. 
No attempt was made to measure the thickness of the material sublimed, 
but simply sufficient sublimate was allowed to collect so that the transmis- 
sion in the 6 uw region was between 10 and 20 per cent. As a check against 
decomposition during sublimation, samples of a compound before and after 
sublimation were submitted to spectral measurements in the vicinity of its 
ultraviolet absorption maximum. In general, the position of the absorp- 
tion band was unaltered and the e value unchanged (+5 per cent) by this 
treatment. In some cases, the rate of evaporation was so slow that it was 
hot practicable to collect sufficient material for this purpose. 

As noted above (Fig. 3) the spectrum of the evaporated sample of ade- 
hosine agreed well with that obtained with a powder of the material be- 
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tween sodium chloride disks. In the case of xanthosine, however, some 
darkening of the residual material in the sublimer was noted, and on pro- 
longed heating, decomposition occurred. ‘The spectrum of the evaporated 
sample did indeed agree with that of the mineral oil suspension of xantho- 
sine at wave-lengths shorter than 8 yu, but at longer wave-lengths obvious 
differences appeared. 

Guanosine and adenylic acid charred so readily under conditions re- 
quired for their sublimation that no attempt was made to evaporate samples 
of these materials or of the other nucleotides for infra-red measurement, 

The simple purines and pyrimidines, on the other hand, showed no ap- 
parent evidence of decomposition under the conditions used for subli- 
mation. The infra-red spectral studies on these compounds will be re- 
ported shortly. 

Cast Films—The technique used can perhaps best be illustrated by the 
following example. A cast film of sodium ribonucleate was prepared by 
dissolving 54 mg. of the salt in 0.4 cc. of distilled water and spreading | 
drop of this solution evenly over a 1 inch silver chloride disk. The disk 
was then placed in a desiccator, stored for at least 24 hours in the dark 
over phosphorus pentoxide, and then dried for at least 40 hours over this 
material at room temperature and 1 mm. pressure. The resultant film 
was continuous, non-crystalline, and satisfactory for infra-red measure- 
ments. Films were prepared from thymus desoxyribonucleic acid in a 
similar manner. 

Instrumentation and Measurements—The spectral measurements were 
made on a Perkin-Elmer infra-red spectrometer, model 12A, with a ten 
cycle chopper, a Strong bolometer, an alternating current amplifier, and 
a Brown Instrument Company recording potentiometer. For initial ob- 
servation, a complete spectrum from | to 15 » was recorded continuously. 
For drawing the final curves in Figs. 1 to 4, the data were obtained on a 
point to point basis, the points being taken from 5 to 10 cm.~! apart at 
frequencies up to 1900 cm.~ (5.2 ») and at larger intervals at higher fre- 
quencies. 


SUMMARY 


The infra-red spectrum from 2 to 15 » has been measured for samples 
of the sodium salts of yeast ribonucleic acid and thymus desoxyribonuclei¢ 
acid. These compounds exhibit different infra-red spectra, especially at 
wave-lengths longer than 9 uy. 

The infra-red spectra of several nucleotides and nucleosides have also 
been determined. By use of the infra-red spectra of these compounds, 
differentiation and identification can be made of pure samples. 
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THE DERMAL EXCRETION UNDER CONTROLLED ENVIRON- 
MENTAL CONDITIONS OF NITROGEN AND MINERALS IN 
HUMAN SUBJECTS, WITH PARTICULAR REFERENCE 
TO CALCIUM AND IRON* 


By H. H. MITCHELL anp T. S. HAMILTON 
WITH THE TECHNICAL ASSISTANCE OF W. T. HAINES 


(From the Division of Animal Nutrition, University of Illinois, Urbana) 
(Received for publication, November 18, 1948) 


Under non-sweating conditions there is a loss of nitrogen and minerals 
from the skin in the so called “‘insensible perspiration.’’ Since “‘insensible 
perspiration” occurs in all animals, regardless of the presence or absence 
of sweat glands, the term is not a good one. In man, insensible perspira- 
tion is evident to a normal extent in the rare condition known as congenital 
ectodermal defect (1), in which the sweat glands are totally absent, and in 
normal persons it persists without diminution when the sweat glands are 
inactivated by repeated anodal cataphoresis of formaldehyde into the skin 
(2). Probably insensible perspiration is the result of a passive diffusion of 
water from the subdermal tissues to the surface of the skin, dependent on a 
vapor tension gradient. McCance (3) has shown that this diffused fluid, 
on evaporation at the surface of the skin, deposits there appreciable amounts 
of nitrogen, potassium, sodium, and chloride. Freyberg and Grant (4) con- 
firmed the presence of these elements in insensible perspiration, together 
with sulfate sulfur, and in amounts that may be of considerable importance 
to the accurate determination of mineral balances. Calcium and phos- 
phorus were not found in this excretion. 

On the initiation of sweating, the loss of water and solutes in the insen- 
sible perspiration presumably stops wherever the surface of the skin is 
covered with a film of water. 

The sensible sweat that supersedes this insensible water (and solute) loss 
apparently contains all of the minerals found in the blood. Besides sodium, 
potassium, calcium, magnesium, chlorine, sulfur, and phosphorus, iodine 
(see (5) and earlier workers) and fluorine (6) have been identified, and 
concentrations and, in some cases, losses per hour under controlled environ- 
mental conditions have been determined. The presence of considerable 
amounts of bromine in sweat was observed, but not measured, by Spector 
in the routine of his determinations of iodine in sweat. 


* These experiments were carried out under a contract, recommended by the Com- 
mittee on Medical Research, between the Office of Scientific Research and Develop- 
ment and the University of Illinois. 
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According to Bischoff, Maxwell, and Hill (7), phosphorus does not oceyr 
in human sweat. Talbert, Stinchfield, and Staff (8) report variable con- 
tents of phosphorus in sweat ranging from 0 to 4.8 mg. per 100 ml. White- 
house (9) found only doubtful traces of phosphate in sweat. 

The magnesium content of sweat is extremely variable in the experience 
of Hopf (10) and bears no reasonably constant relationship to calcium con- 
tent, although, on an average, Carpenter and Talbert (11) found a ratio of 
4 of calcium to 1 of magnesium, the latter concentration averaging 1.2 mg. 
per cent. Hopf’s average for magnesium in sweat is almost 3 times this 
figure; namely, 3.32 mg. per cent. 

Sweat is generally much more dilute in calcium than blood plasma, though 
the amounts present may be appreciable from the nutritional point of view. 
Subject to the usual considerable variation, the following average concen- 
trations of calcium in sweat have been reported in the literature: 0.3 to 1.5 
mg. per cent by Marchionini and Ottenstein (12); 5 to 10 mg. per cent by 
Bryant and Talbert (13); 5.8 mg. per cent by Borchardt (14); 5 mg. per cent 
by Talbert et al. (15); and 4.6 mg. per cent by Hopf (10). The latter inves- 
tigator observed a marked decrease in the calcium concentration of sweat 
as sweating proceeds, with initial values as high as 12.2 mg. per cent. 

The concentration of nitrogen in sweat has been variously reported from 
47 to 130 mg. per cent, and the total output per day from 71 mg. to 5.28 
gm., depending upon ambient temperature and especially upon muscular 
activity. The subject has been well reviewed by Cuthbertson and Guthrie 
(16). Emotional states, also, will stimulate the secretion of sweat by the 
apocrine glands and presumably increase the dermal loss of nitrogen and 
minerals. The nitrogenous compounds of sweat include the main end- 
products of amino acid metabolism as well as amino acids themselves (17). 

A quantitative knowledge of the dermal loss of nitrogen and minerals in 
the human subject is of importance in three ways: (a) It will define the 
significance of such losses for the accurate determination of nitrogen and 
mineral balances; (b) it will contribute to the better understanding of the 
body’s excretory powers, in iron metabolism in particular; and (c) it will, 
in conjunction with information of compensatory changes in urinary and 
fecal output, determine whether or not, and to what extent, if at all, nitrogen 
and mineral requirements are increased under sweating conditions. 

The experiments to be reported in the following pages constitute a small 
part of an extended investigation over a period of 2 years of the loss of 
water-soluble nutrients in human sweat under controlled environmental 
conditions. Prior publications in this series deal with the dermal loss of 
choline (18), of nicotinic acid and its metabolites (19), of folic acid (20), of 
pyridoxine and its metabolites (21), of inositol and p-aminobenzoic acid 
(22), of ascorbic acid (23), of pantothenic acid (24), of iodine (5), and of 
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fluorine (6). The experiments described below demonstrate the presence 
of copper, manganese, and iron in sweat, the conditions (food supply and 
environment) affecting the concentrations of nitrogen, calcium, and iron 
in sweat and the dermal loss per unit of time. They prove that dermal 
losses of these elements, even under minimal sweating conditions, constitute 
an appreciable error in metabolism experiments carried out in the usual way. 
Under sweating conditions, neglect of these losses may invalidate a meta- 
bolism experiment. The skin and sweat glands are shown to be important 
excretory organs for iron. 


TABLE I 
Description of Experimental Subjects 


| Body weight Basal metab- 
Subject Age Height ere EE Surface area* | olism per sq. 
| Initial =| Final m. per hr.f 
yrs. cm. | kg. kg. sq. Mm. kilocalories 

A 23 167.0 | 67.0 64.0 1.72 | 

B 22 163.8 63.0 | 62.7 1.68 | 41.7 

C 27 Wk? -| Ske 67.5 Em? | oe 

D 26 187.9 103.4 88.7 2.15 42.0 

E 21 172.1 79.4 | 79.3 1.93 | 37.6 

F 20 163.8 | 70.6 | 69.9 1.76 





* Based on final weight, by using the Du Bois and Du Bois formula (25). 
t Determined by using the Collins gasometer to collect expired air. 


EXPERIMENTAL 


Environmental Conditions—The subjects of the experiments were exposed 
for 7.5 hours daily, 5 days a week, and for 3 hours on Saturday mornings, to 
controlled environments in an air-conditioned chamber. ‘The environments 
imposed ranged in sudorific potency from ‘‘hot humid” (dry bulb temper- 
ature 37-39°, relative humidity 65 to 73 per cent) to “comfortable” 
(dry bulb temperature 27-28°, relative humidity 43 to 45 per cent). The 
insensible loss in body weight averaged 720 gm. per hour under hot humid 
conditions, and 117 gm. per hour under comfortable conditions, with con- 
siderable variations from man to man. 

Subjects—Six male adult subjects were used in groups of two to four at 
atime. They were all conscientious objectors on detached service from 
civilian public service camps. A description of the subjects is given in 
Table I. While in the experimental chamber, the men generally wore only 
shorts and klaks, though in the Saturday morning tests, when samples of 
undiluted sweat were collected, they wore only klaks. In the particular 
experiments discussed in this paper, the subjects were at rest, sitting in 
metal chairs except when periodic observations were made on rectal tem- 
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peratures, or when other occasions required some movement within the 
chamber. 

Dietary Control—The diet was controlled in these particular experiments 
and was analyzed during metabolism periods when balances of nitrogen, 
calcium, or iron were being determined. At these times, the diet was made 
constant throughout a series of 4 weeks and for a preliminary period of 5 
or 6 days. 

Collection of Sweat—When undiluted sweat was required, generally dur- 
ing the Saturday morning exposures, it was secured either in glass beakers 
by running the lip of the beaker over selected areas of skin, or in cheese- 
cloth by periodically wiping the upper ventral part of the body. The sweat 
thus collected was transferred to glass jars containing acetic acid. Proper 
precautions were taken to minimize evaporation, and as each jar was filled 
it was removed to the refrigerator. 

Before entering the chamber, each man took a thorough shower bath, 
using warm water, soap, and a brush. If the sweat was to be used for 
mineral analysis, the body of each subject was rinsed with doubly distilled 
water, and the glassware used in collecting and preserving the sweat was 
cleaned in nitric acid. 

When it was desired to obtain the hourly output of nitrogen and minerals 
in the sweat, the sweat was mopped from the body with preboiled towels or 
cheese-cloth during the exposure period, and the body, shorts, towels, or 
cheese-cloth and the chair of each subject were carefully rinsed or washed 
with distilled water to remove all sweat constituents. Tests of the com- 
pleteness of collection of sweat by this method, with sweat chlorine as a 
criterion, indicated that, in washing the body alone, 95 per cent of the 
chlorine removed in six washings (250 to 300 ml. each) was present in the 
first four washings. If the second, third, and fourth body washings were 
used to rinse the towels and shorts of the subjects, which were then rinsed 
with five more portions of 300 to 500 ml. of distilled water, the chlorine in 
the last washing was negligible in amount. This procedure was used 
routinely. 

When the iron content of sweat was to be determined, all contact of the 
body with iron objects was avoided; the metal chairs were covered with 
rubber sheeting, from which sweat was removed by washing. 

The total secretion of sweat was measured by determining the net loss in 
body weight of each subject during each exposure period. Each subject 
was weighed to the nearest gm., immediately before entering the chamber 
and immediately after leaving it, on a Troemner balance, and all food and 
water consumed during the exposure period, and all urine and feces passed, 
were similarly weighed. From these measurements, the net loss in body 
weight was computed. 
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Obviously, the error in assuming that the net loss in body weight during 
an exposure period measures the amount of sweat secreted is less the greater 
the rate of sweating, since in profuse sweating the pulmonary loss of water 
constitutes an insignificant proportion of the total loss and the insensible 
perspiration may be considered to have disappeared. Under all sweating 
conditions the loss in weight due to the respiratory exchange of oxygen and 
carbon dioxide is insignificant, amounting to only 10.5 gm. per hour for a 
metabolism of 120 calories per hour and a respiratory quotient of 0.95. 

As Lee (26) has pointed out, the content of sweat in a given constituent 
may be determined more satisfactorily by dividing the total amount re- 
moved from the entire body by washing by the net loss in body weight than 
by analyzing portions of undiluted sweat collected from limited areas of the 
body surface. This is true because evaporation losses are difficult to avoid 
in the latter method, but particularly because the composition of sweat from 
different areas of skin differs. 

Analysis of Sweat Samples—All analyses were made upon filtered sweat, 
which was somewhat opalescent in appearance. The following methods 
were used, sometimes with slight modifications: nitrogen, Kjeldahl-Gun- 
ning-Arnold method and distillation into 4 per cent boric acid; calcium, 
Larson and Greenberg (27), Kirk and Tompkins (28); magnesium, Briggs 
(29); phosphorus, Woods and Mellon (30); manganese, Skinner and Peter- 
son (31); iron, Stugart’s modification (32) of the method of Kennedy (33); 
copper, Greenleaf (34). 


Results 


Minerals and Nitrogen in Undiluted Sweat—Table II contains some 
analyses of undiluted sweat collected under hot humid conditions. These 
analyses were carried out in the 1st year of the experiment to determine 
some of the minerals in sweat and to follow the changes in mineral content 
that occur during a 3 hour period of sweating.’ Evidently the copper and 
manganese contents of sweat are quite small, averaging 5.8 and 6.0 y per 
100 ml., respectively. The phosphorus content is also relatively low, con- 
firming previous work referred to above; the content of calcium, after a 
period of adjustment, may be considerable, about 1 mg. per 100 ml., while 
that of magnesium is intermediate. The outputs of calcium and magne- 
sium, per unit volume of sweat, start at relatively high values and then 
decrease to much lower ones. The phosphorus content shows no consistent 
change with elapsed sweating time. 

Results of some later tests of the changes in the calcium and nitrogen 
content of sweat as sweating progresses are summarized in Table III. 
These values confirm the first tests in revealing a sharp drop in the calcium 
content of sweat. In contrast to calcium (and magnesium), the nitrogen, 
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like the phosphorus, concentration in sweat shows no consistent downward 
trend with time of sweating. 

Paths of Excretion of Nitrogen, Calcium, and Iron under Different Environ. 
mental Conditions—The loss of nitrogen, calcium, and iron from the body 


TABLE II 


Analyses of Undiluted Sweat, Collected under Hot Humid Conditions, and Effect of 
Time of Exposure 



































| | | | 
Date, 1943 — Subject A | Subject B | Subject C Subject D | Average 
2 eae | 
Copper in y per 100 ml. sweat 
Feb. 27 1 | 6.0 | 6.6 8.0 4.4 
Mar. 13 | 1/ 7.5 | 5.0 4.5 4.5 5.8 
Manganese in y per 100 ml. sweat 
Mar.6 | 1 | 3.2 7.4 7.4 6.0 | 6.0 
Magnesium in mg. per 100 ml. sweat 
July 10 2.) 0.400 | 0.286 | Ist samples, 0.217; 2nd 
~ / 2 | 0.103 | 0.057 samples, 0.059 
* 8 1 | 0.150 | 0.188 | 0.172 | 0.108 | 
ae 2 | 0.045 | 0.069 | 0.075 | 0.004 | 
Calcium in mg. per 100 ml. sweat 
May 1 | 1 | 4.05 3.22 4.54 3.90 Ist samples, 2.94; all 
os | 2 | 0.73 | 0.40 | 0.94 | 1.63 others, 0.88 
“1 | 3 | 0.59 | 0.71 1.12 
ae _ 0.64 0.85 
July 3 | 1 | 1.31 2.22 2.35 1.90 
_- = a om 0.58 1.21 1.14 
Phosphorus in mg. per 100 ml. sweat 
May 1 1 0.036 0.021 0.043 0.022 
me 2 | 0.012 0.009 0.036 0.015 
ap | 3 | 0.019 0.032 0.020 
4 | 0.028 


0.016 | 0.024 


by way of the alimentary tract, the kidneys, and the skin was measured 
under profuse sweating conditions (hot humid environment) and under 
minimal sweating (or non-sweating) conditions (comfortable environment). 
The essential results are summarized in Tables IV, V, and VI. 

The hourly loss of nitrogen through the skin on a moderately high proteit 
intake (about 98 gm. daily) averaged 152 mg. per hour in a hot humid 
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environment and constituted an average of 22.5 per cent of the total output. 
Under comfortable conditions the hourly dermal loss of nitrogen averaged 
15 mg., accounting for 2.7 per cent of the total output. Even the latter 
figure assumes an appreciable magnitude for the day; 7.e., 360 mg. It is 
of interest to note that the urinary output of nitrogen during Weeks 24 and 
97, when sweating conditions prevailed, was practically the same as the 
urinary nitrogen during Weeks 25 and 28, when little if any sweating pre- 
vailed. These data, therefore, afford no support for the existence of a 
compensatory relationship between kidney and sweat glands in the elimina- 
tion of nitrogen, a relationship that seems to exist for chloride, according to 


TaBLe III 


Changes in Mineral Content of Undiluted Sweat with Elapsed Time from Initiation 
of Sweating 


Test 1. Consecutive half hourly samples Test 2. Consecutive half hourly samples 

















Sample No. | — of | Ca Pp Sample No. Velume, of N 
p ml. mg. per 100 ml.lmg. per 100 mt. aml. img. per 100 mt. 
1 243 5.26 0.075 1 185 45.0 
2 437 3.17 0.068 2 518 40.6 
3 469 0.96 0.065 3 537 39.6 
4 | 427 0.62 0.045 4 458 | 30.8 
5 | 389 0.41 0.053 5 427 42.3 
6 342 0.40 | 0.050 | 6 323 45.4 
Averages, Subjects B, C, D, and E; chamber ‘Averages, Subjects C, D, and E; 
conditions, dry bulb 37°, wet bulb 33°, rela- | chamber conditions, dry bulb 
tive humidity 76% | 38°, wet bulb 32°, relative hu- 


midity 65% 





Daly and Dill (35). The data, therefore, suggest an increase in nitrogen 
catabolism under sweating conditions, and hence an increase in protein 
requirements. 

Comparison of the metabolism of calcium in a hot and a comfortable 
environment (Table V) is complicated by the greater calcium intake in the 
former environment. This was brought about by a greater consumption 
of water, which unfortunately was tap water, containing about 60 mg. of 
calcium per liter. Under profuse sweating there was an average cutaneous 
loss of 20.2 mg. of calcium per hour, compared with a loss of 6.2 mg. under 
comfortable conditions. The former loss accounted on the average for 29.9 
per cent of the total body loss of calcium, over twice that in the urine. 
Even under non-sweating conditions, 14.4 per cent of the total output of 
calcium occurred, on the average, through the skin, not greatly different 











352 DERMAL EXCRETION OF N AND MINERALS 


from the proportionate loss in the urine, 21.0 per cent. There is little sug- 
gestion from the data in Table V that an increased excretion of calcium 
through the sweat glands is associated with a decreased excretion in the 


TABLE IV 


Paths of Excretion of Nitrogen under Different Experimental Environments 





Net loss Daily Hourly loss of N Loss of N* 
hs : in body . ee ee a eer eee 
Subject | Experimental wk.| weight intake From al- Through Through From al- Through | T) 
gh hrough 





per hr. | ofN a kidneyst, skint =— idneyst| skin} 

gm. gm. mg. me. mg. per cent | per cent | per cent 
C 24th 498 15.7 | 57 418 | 128 | 9.5 | 69.3 | 21.1 
D 24th 738 | 20.1 | 74 560 | 146 | 9.5 | 71.7 | 18.7 
E | 24th | 680 | 17.2 | 77 462 | 145 | 11.3 | 67.5 | 21.2 
F | 24th | 438 | 14.9 | 54 424 127 | 9.0 | 70.0 | 21.0 
C | 25th 86 | 13.0 | 69 408 19 | 14.0 | 82.2 | 3.8 
D | 25th 126 | 16.2 | 90 526 21 | 14.1 | 825 | 33 
E | 25th 66 | 14.3 | 62 467 10 | 11.6 | 86.6 | 1.8 
F | 25th | 54 | 12.6 | 54 432 6 | 10.9 | 87.8 | 1.3 
S| 27th 635 14.3 58 413 | 180 | 8.8 | 63.5 | 27.6 
D| 27th | 863 | 19.1 | 64 553 | 178 | 8.0 | 69.6 | 22.3 
E | 27th | 969 | 16.0 | 60 423 | 214 | 8.7 | 60.6 | 30.7 
F | 27th 410 | 13.8 52 426 | 101 | 9.0 | 73.5 | 17.5 
C | 28th 79 | 14.9 | 52 440 19 | 10.1 | 86.2 | 3.7 
D| 28th | 132 | 19.0 | 73 562 | 20 | 11.2 | 85.8 | 3.0 
E | 28th 80 | 16.2 | 62 431 | 14 | 12.2 | 85.1 | 2.7 
F | 2th | 51 “M4 72 394 9 | 15.2 | 83.0 | 1.8 

Average | | 

Wks. 24 + 27§..| 654 | 16.4 | 62.0 | 460 | 152 | 9.2 | 68.2 | 22.5 
“ 25 + 28||... 84 | 15.1 | 66.8 | 458 15 | 12.4 | 84.9 | 2.7 





* Computed on total excretion. 

+ Average for 5 full days. 

¢ Average for five daily exposures to the experimental environment of 7.5 hours 
each. 

§ Hot humid environment. 

|| Comfortable environment. 


urine, though the difference in calcium intake in the two environments does 
not permit an unequivocal answer to this problem. 

The data summarized in Table VI are the only evidence available, in 80 
far as the authors are aware, of the output of iron in human sweat. In the 
particular experimental weeks covered in Table VI, the iron intake was 


deliberately made excessive by the administration to the subjects of a daily | 


supplement of ferric chloride containing 25 mg. of iron. The output of iron 
per hour averaged 1.29 mg. in the hot environment and 0.27 mg. in the 
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comfortable environment, both values exceeding the urinary output by 
many times. On a percentage basis of the total output, the values were, 
respectively, 37.2 and 13.4. Although the amounts of iron excreted through 
the kidneys per day were generally less under sweating than under non- 


TABLE V 
Paths of Excretion of Calcium under Different Experimental Environments 




















‘ Hourly loss of Ca Loss of Ca* 
b E i tal wk in body pay, Silo ee 7 
Subject | Experimental wk.) Jeicht | Mtake | From al-| From ali-| 
| perhr.  FC® imentary|Friwayet | "aking | mentary \dneylt | Takgat™ 
| gm. mg. mg. | meg. | mg. | per cent | per cent | per cent 
C 32 77 | 744 |22 | 8.7 | 5.9 | 60.3 | 23.6 | 16.0 
D 32 135 | 1053 | 35 =| 11.8 | 7.4 | 64.7 | 21.6 | 13.6 
E 32 | 75 | 737 |29 | 7.5 | 5.0 | 69.8 | 18.1 | 12.0 
FE) 32 61 | 819 | 23 6.1 | 2.9 | 71.4 | 19.4 | 9.2 
C 33 | «692 (997 | 32 9.7 | 18.0 | 53.9 | 16.1 | 30.0 
D 33. | 861 | 1476 | 49 10.2 | 22.2 | 60.3 | 12.5 | 27.2 
E 33 =| «816 | 1090 a 8.3 | 23.8 | 53.6 | 12.0 | 34.4 
F 33 | 607 | 1046 | 34 4.8 | 12.5 | 66.4 | 9.3 | 24.3 
C 34 86 | 756 | 26 10.1 | 8.0 | 59.4 | 22.6 | 17.9 
D| 34 157 | 1118 | 32 12.4 | 9.6 | 59.0 | 23.1 | 17.9 
E | 34 69 | 778 (27 8.5 | 6.1 | 65.2 | 20.3 | 14.6 
F 34 63 | 846 | 22 6.4 | 4.6 | 66.6 | 19.4 | 14.0 
C | 35 | 710 | 951 |27 | 10.7 | 17.5 | 48.8 | 19.4 | 31.8 
D| 35 | 934 | 1480 | 52 11.2 | 23.8 | 60.0 | 12.8 | 27.2 
E | 35 | 832 | 1071 | 42 9.8 | 27.2 | 53.3 | 12.4 | 34.3 
F | 35 | 704 | 1091 | 37 1.6 | 16.2 | 67.3 | 2.9 | 29.7 
Averages | | 

Wks. 33 + 35§..| 770 | 1144 | 38.8 | 8.3 | 20.2 | 58.0 | 12.2 | 29.9 

“ 32+ 34/..| 90 | 856 | 27.0 | 8.9 | 6.2 | 64.6 | 21.0 | 14.4 














* Computed on total excretion. 
t Averages for 5 full days. 


} Averages for five daily exposures to the experimental environment of 7.5 hours 
each. 


§ Hot humid environment. 
|| Comfortable environment. 


sweating conditions, the urinary iron is so small in amount under all condi- 
tions that this compensatory relationship, if real, is insignificant inmagni- 
tude. 

Concentration of Nitrogen, Calcium, and Iron in Total Sweat Secreted and 
Effect of Level of Intake—By taking the net loss in body weight as a measure 
of total sweat loss and dividing it into the amounts of the elements removed 
from the body by washing, both measurements extending over a period of 
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7.5 hours for 5 days a week (except as indicated), it is possible to estimate 
the concentration of the elements in total body sweat, or total insensible 
perspiration when sweating does not occur. The accuracy of this calcula. 
tion has been discussed above. It avoids the error inherent in the method 
of taking undiluted, but possibly not unconcentrated, sweat from restricted 
areas of the body, due to the variable rates of secretion (36, 37) and variable 
sweat composition from different parts of the skin surface (38). Estima. 


TaBLe VI 
Paths of Excretion of Iron under Different Experimental Environments 

















Net loss : Hourly loss of iron Loss of iron* 
Subject eeerieentsi wk. pak | nl Pate ali-| ea ay re ij! ; 
| parr. | SF" | mentary uneyst | vakiaf” | MeStary iGneyet Tae 
| gm. mg. mg. | mg. | mg. per cent | per cent per cent 
C 17 | 653 | 50.8 | 2.39 | 0.012 | 1.68 | 58.5 | 0.3 | 41.2 
D| 17 | 879 | 76.0 | 2.41 | 0.023 | 1.93 | 55.3 | 0.5 | 44.2 
E 17 | 909 | 68.3 | 2.12 | 0.022) 1.72 | 54.8 | 0.6 | 44.6 
c 18 | 101 | 43.2 | 1.81 | 0.051 | 0.17 | 89.0 | 2.5 | 84 
D 18 | 156 | 54.6 | 1.61 | 0.038/0.29 | 83.1 | 2.0 | 15.0 
E 18 | 82 | 47.8 | 1.49 | 0.066 | 0.16 | 86.7 | 3.8 | 9.4 
c 19 | 103 | 45.8 | 1.55 | 0.025} 0.53 | 73.8 | 1.2 | 25.0 
D 19 | 132 | 52.5 | 1.90 | 0.031 | 0.32 | 84.4 | 1.4 | 14.2 
E | 19 | 73 | 46.2 | 1.53 | 0.039) 0.14 | 89.5 | 2.3 | 82 
C 20 | 501 | 46.9 | 1.84 | 0.009 | 0.56 | 76.4 | 0.4 | 2.2 
D 20 | 764 | 56.9 | 2.03 | 0.035 | 0.88 | 70.1 | 1.2 | 28.7 
E 20 | 798 | 49.8 | 1.36 0.026 | 0.99 | 57.2 | 1.1 | 41.8 
Averages | | | | | 
Wks. 17 + 20§../ 751 | 58.1 | 2.02 | 0.021 | 1.29 | 62.0 | 0.7 | 37.2 
“ 18+ 19]../ 108 | 48.4 | 1.65 | 0.042 0.27 | 84.4 | 2.2 | 134 











* Computed on total excretion. 
+ Average for 5 full days. 

t Average for five daily exposures to the experimental environment of 7.5 hours 
each. 

§ Hot humid environment. 

|| Comfortable environment. 


tions of sweat composition made in this way, in different environments and 
for different intake levels of nitrogen, calcium, and iron, are summarized 
in Tables VII, VIII, and IX. 

The computations in Table VII reveal an increasing nitrogen content of 
the sweat with an increase in nitrogen intake of about 100 per cent, judging 
from the averages alone. This finding agrees with those of Cuthbertson 
and Guthrie (16). However, the average differences in the nitrogen col 
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mate Tasie VII 
sible Effect of Rate of Sweating and Nitrogen Intake on Dermal Loss of Nitrogen and 
we | Nitrogen Concentration in Sweat 
thod ae ae Nas tins te ; Dermal loss of N 
lela’ Subject —. body weight "aree. ie ae 
‘lable : sweat® 
tima- gm. gm. mg. mg. 
C 32 + 34 82 P< 3h | 19 216 
D 32 + 34 146 16.24 22.7 155 
E 32+ 34 | 72 11.47 11.0 153 
F 32+ 34 | 62 | 13.28 8.5 137 
C 33 +35 | 701 | 11.02 | 194 277 
D 33 +35 | 897 | 16.34 178 198 
hrough E 33+ 35 | 824 | 11.05 | 167 203 
pe F 33+ 35 | 655 | 13.26 | 151 | 231 
er cent a a | | oo See 
1.9 Average.....| 32+ 34¢ | 91 | 13.01 | 15.0 165 
49 33 + 35t | 769 |} 12.92 | 178 227 
14.6 ” | 
84 C 25 + 28 82 13.94 18.6 227 
15.0 D 25 + 28 129 17.62 | 20.4 158 
9.4 E 2+28 | 7 | 15.2% | 12.0 164 
25.0 F 2+28 | 8 | 13.47 | 7.2 | 136 
14.9 C 24427 | 566 15.01 | 154 272 
43 D +27 | 800 | 19.59 | 162 | 208 
23.9 E 24+27 +| 82% jj| 16.64 | 180 | 218 
28.7 F 24+27 #+| 424 } 14.35 | 115 | 271 
41.8 | - 
anon Average.....| 25 + 28f | 84 | 15.07 14.6 | 171 
24+ 27 | 654 | 16.40 | 153 | al 
Q7 9 
134 | C 18 | 101 | = 18.39 21.7 | 215 
2 D 18 156 =| «0 24.46 | (238.6 151 
E 18 | 82 | 20.29 12.8 | 156 
C 17 | 653 | 21.25 | 196 | 300 
5 hours D 17 879 | 26.29 219 249 
E 17 909 | 22.47 226 249 
Average... .. 18f 113 21.05 19.4 174 
17t 814 | 23.34 214 266 
ats and , pers ne saa anieau 





Ns * Taking the net loss in body weight as a measure of sweat secretion or insensible 
narized perspiration. 


t Dry bulb 29°, wet bulb 22°, relative humidity 50 to 52 per cent. 
tent of t Dry bulb 38°, wet bulb 33°, relative humidity 68 per cent. 
judging ; 
bertson —« “ent of sweat were not great over this range of nitrogen intake, being from 
en Con: 165 to 174 mg. per liter under comfortable conditions, and from 227 to 266 
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mg. per liter under hot humid conditions. Furthermore, a consideration 
of the performance of individual subjects at the three levels of nitrogen 
intake detracts considerably from the evidence supporting a positive correla. 
tion. The conclusion that no evidence approaching certainty has been 
secured for an effect of nitrogen intake on the nitrogen content of sweat, or 


TaBLeE VIII 


Effect of Rate of Sweating and Calcium Intake on Dermal Loss of Calcium and 
Calcium Concentration in Sweat 
Dermal loss of Ca 


Experimental wks. Net loss in 























‘ ae Intake of Ca 
oe — per bre staal Per hr. a 

gm. mg. mg. meg. 

C 32 + 34 82 750 6.89 84 

D 32 + 34 146 1085 8.55 59 

E 32 + 34 72 757 5.58 78 

F 32 + 34 62 833 3.76 61 

C 33 + 35 701 974 17.8 25 

D 33 + 35 897 1453 23.0 26 

E 33 + 35 824 1080 25.6 3] 

F 33 + 35 655 1068 14.5 22 
Average..... 32 + 34t 91 856 6.20 70.5 
33 + 35§ | 769 1144 20.2 26.0 

Cc 18 + 19 102 2888 4.61 45 

D 18 + 19 144 2963 4.62 32 

E 18 + 19 77 2952 3.95 51 

C 17 + 20 577 2969 9.55 17 

D 17 + 20 821 3200 9.97 12 

E 17 + 20 853 3142 10.40 12 
Average..... 18 + 19f 108 2934 | 4.39 42.7 
17 + 20§ 750 3104 9.97 13.7 





* In Weeks 17 to 20, inclusive, the calcium intake was raised over the usual level, 
as in Weeks 32 to 35, inclusive, by the addition of milk (500 ml. per day) and of 1.1 
gm. of calcium as dicalcium phosphate. 

t Taking the net loss in body weight as a measure of sweat secretion or insensible 
perspiration. 

t Dry bulb 29°, wet bulb 22°, relative humidity 50 to 52 per cent. 

§ Dry bulb 38°, wet bulb 33°, relative humidity 68 to 69 per cent. 


on the dermal loss of nitrogen, is in harmony with the findings of Berry (39). 

The lower estimated concentration of nitrogen in the dermal secretions 
under comfortable as compared to hot humid conditions is clear cut. It 
may mean either (a) that the nitrogen content of sweat is directly correlated 
with the rate of sweat secretion, or (b) that the dermal loss of nitrogen under 
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TaBLe IX 
| Effect of Rate of Sweating and Iron Intake on Dermal Loss of Iron and Iron Concen- 






































tration in Sweat 
(10n Net Dermal loss of iron 
gen Le Experimen- loss in ; : ; 

Subject tal wks. body Intake of iron per day Pe 
ela- ) averaged bang Per hr. kilo 
een RS Se ici 
L. OF gm. ms. me. me. 

B 9 115 No Fe supplement 0.268 | 2.33 
C 9 135 | aoc: _ 0.209 | 1.55 
ai D 9 ot Undaeh " 0.350 | 2.12 
E 9 121 | SF oS se 0.199 | 1.64 
B 10 115 | Nae + 0.212 | 1.84 
C 10 i" * 7 | 0.117 | 0.87 
D 10 — ‘i 0.412 | 0.95 
tt E 10 id adi " | 0.402 | 2.10 
| 
Average....... 9t a ae . | 0.257 | 1.91 
10t oo * . 0.286 | 1.44 
B 13 402 | No Fe supplement 0.957 | 2.38 
Cc 13 534 rie “ | 1.2038 | 2.25 
D 13 | 753 gee se 0.632 | 0.84 
E 13 636 sy Tie: e | 0.880 1.38 
B 14 —, = * = 0.134 | 2.06 
C 14 86 | widen is 0.170 | 1.98 
r D 14 118 ae 0.228 | 1.93 
i E 14 ey? . 0.178 | 2.23 
5b is 4 u's 13§ | 581 | OG 7 0.918 | 1.71 
14) | 87 | ss Aa . 0.178 | 2.05 
| C 18 || 101 | 439 | 0.171 | 1.69 
‘ D 18| 156 | 554 0.290 | 1.86 
“ E 18|| 82 | 489 0.163 | 1.99 
ruse Cc 19) | 108 | 464 0.528 | 5.13 
ae D 19|| | 132 | 539 0.321 | 2.43 
oe E 19|| 73 464 0.141 | 1.93 
1 C 17§ 653 | 519 1.68 | 2.87 
al level, D 17§ 879 | 764 1.92 | 2.18 
dof ll EK 17§ 909 | 684] 1.72 1.89 
C 20§ 501 474 0.563 | 1.12 
weitin 7 D 20§ 764 574 0.833 | 1.09 
oF E 20§ 798 504] 0.998 1.25 
* Taking the net loss in body weight as a measure of sweat secretion or insensible 
perspiration. 
t Dry bulb 32°, wet bulb 27°, relative humidity 66 per cent. 
ry (39). t Dry bulb 32.2°, wet bulb 31.7°, relative humidity 95 per cent. These values 
cretions are averages of 2 instead of 5 days. 
cut. It | § Dry bulb 38.3°, wet bulb 32.8°, relative humidity 67 to 70 per cent. 
rrelated | Dry bulb 29.4°, wet bulb 21.7°, relative humidity 50 per cent. 
n under { Including a supplement of 25 mg. of iron daily as FeCls. 
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comfortable conditions is largely brought about by the insensible perspirg. 
tion, which may be lower in nitrogen than sensible perspiration. Also. the 
net loss in body weight includes the loss of moisture from the respiratory 
tract, which would be nitrogen-free. This fraction of the net loss in body 
weight, while insignificant under conditions of profuse sweating, may 
amount to 30 per cent under non-sweating conditions (1). 

Similar data with reference to calcium are presented in Table VIII. Ip 
these experimental weeks, the hourly loss of calcium through the skin, as 
well as the estimated concentration of calcium in the sweat, was consider- 
ably higher on the low calcium than on the high calcium régime. This js 
an anomalous result, the explanation for which is not evident. In both 
series of weeks, the estimated calcium content of the “sweat’’ produced 
under fairly comfortable conditions is almost 3 times as great as the esti- 
mated calcium content of the sweat produced in a hot humid environment, 
This is contrasted with the analogous situation with reference to nitrogen 
(Table VII), and is unexpected on the basis of the reported absence of 
calcium from the insensible perspiration (4). The obvious interpretation 
of these results is that the concentration of calcium in sweat is inversely 
related to the rate of sweating. 

For 8 weeks of the experiment, the losses of iron through the skin were 
determined by analyzing the body washings. During Weeks 17 to 20, in- 
clusive, the three subjects then available were undergoing a metabolism 
study involving analysis of the food, feces, and urine. The iron intake was 
high because of a daily supplement of ferric chloride providing 25 mg. of 
this element. The subjects were on constant diet during Weeks 9, 10, 13, 
and 14, but the intake of iron was not measured, though presumably it was 
approximately half the intake of Weeks 17 to 20. From the values sum- 
marized in Table IX, it appears that the concentration of iron in sweat 
averages about 2 mg. per liter, with considerable variations on either side 
of this value. The evidence presented in Table IX does not establish any 
clear cut effect of the range in iron intake, or in environmental conditions, 
on the iron content of sweat. It does indicate, however, that the skin is 
an important path of excretion of iron, far more important than the kidneys 
(Table VI), even under environmental conditions inducing minimal activity 
of the sweat glands (Weeks 14, 18, and 19). 


DISCUSSION 
Under comfortable conditions, in which sweating is minimal, the subjects 
of these experiments excreted per hour through the skin an average of 10 
mg. of nitrogen, 6.2 mg. of calcium, and 0.27 mg. of iron. These values 
indicate the order of magnitude of the error incurred in balance experiments 
involving these elements by neglecting dermal losses. On the 24 hour basis 
these values become, respectively, 360, 149, and 6.5 mg.; the values for 


cal 
rec 
sti 
hu 
hoi 
en 
cor 
ure 


ira 
, the 
tory 
ody 
may 


ider- 
is is 
both 
uced 
esti- 
1ent. 
ogen 
Ce of 
ation 
rsely 


were 
), in- 
olism 
> Was 
‘2. of 
), 13, 
t was 
sum- 
sweat 
r side 
1 any 
tions, 
kin is 
Ineys 
‘ivity 


pjects 
of 15 
ralues 
ments 
basis 
es for 


H. H. MITCHELL AND T. 8. HAMILTON 359 


calcium and iron in particular represent considerable errors, compared with 
requirements. When general sweating is initiated in response to a thermal 
stimulus, these dermal losses were increased from 3.3 to 10 times under hot 
humid conditions, under which total sweating averages 700 to 800 gm. per 
hour. Evidently, satisfactorily accurate balance experiments with refer- 
ence to nitrogen, calcium, and iron cannot be carried out under sweating 
conditions, either emotional or thermogenic, unless dermal losses are meas- 
ured. A fairly satisfactory method of estimating these losses may possibly 
be based upon a determination of net loss in body weight and a determina- 
tion of the concentration of the element in a sample of hand sweat. John- 
ston, Conn, Louis, and Steele (40) claim that the daily concentrations of 
chloride and nitrogen in hand sweat represent reasonably accurately their 
concentrations in total body sweat. This work needs confirmation, and 
extension to calcium and iron. 

The capacity of the body to excrete iron is seriously restricted according 
to the newest theory of iron metabolism, which has been well stated by 
Johnston (41). In this theory it is claimed that excretion of iron through 
the kidney and the gut is almost insignificant compared with usual iron 
intakes. Hence, the body absorbs only as much iron as it needs and uses 
that amount over and over again, with little loss. This peculiar theory 
considers excretion possible only through the kidneys and the gut. The 
findings of these experiments that the skin and the sweat glands are impor- 
tant excretory organs for iron render unnecessary the assumption of physio- 
logical mechanisms of unknown nature (or doubtful efficacy) for limiting 
iron absorption and for getting rid of iron absorbed in excess of needs. The 
high content of iron in hair, 0.013 to 0.017 per cent, according to Bagchi 
and Ganguly (42) using carefully washed samples, represents another 
appreciable outlet of iron from the body. 

Whether or not the function of the skin and of the sweat glands in excret- 
ing nitrogen and minerals raises the body’s requirements for these elements 
depends upon possible compensatory relationships between the losses 
through the skin and those through the kidneys and the alimentary tract. 
The experiments reported above offer no support for such relationships, but 
the conditions for detecting them were not ideal. If no such relationship 
exists for nitrogen, calcium, and iron, as it does for chloride, then dermal 
losses will increase bodily requirements in direct proportion to the losses 


themselves. The subject is of sufficient importance to warrant further 
study. 


SUMMARY 


1. The dermal losses of nitrogen, calcium, iron, magnesium, phosphorus, 
copper, and manganese were studied with six adult human subjects sub- 
jected to controlled environmental conditions. 
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2. Human sweat contains small amounts of copper and manganese, about 
6 y per 100 ml., moderate amounts of magnesium and phosphorus, 0.22 to 
0.022 mg. per 100 ml., and relatively large amounts of iron, 1 to 2 mg. per 
liter, of nitrogen, 170 to 245 mg. per liter, and calcium, 20 to 70 mg. per 
liter. 

3. The concentration of calcium and magnesium in sweat decreases ag 
sweating progresses, while that of nitrogen and phosphorus remains essen. 
tially unchanged. 

4. The concentration of nitrogen and iron in sweat has not been found to 
be dependent on the intake of these elements; that of calcium was anoma- 
lously decreased on raising the intake of this nutrient from usual to excessive 
levels. 

5. Under conditions of profuse, as compared with minimal, sweating, the 
concentration of nitrogen in sweat increases, that of calcium decreases, and 
that of iron is unaffected. 

6. The dermal losses of nitrogen, calcium, and iron under minimal sweat- 
ing conditions, computed on the daily basis, averaged 360, 149, and 6.5 mg., 
respectively. Under profuse sweating conditions, these losses may increase 
from three to ten times, depending on the element. 

7. The skin and the sweat glands are important excretory organs for iron. 


The authors gratefully acknowledge the cooperation of the subjects of 
this experiment, particularly noteworthy because of the rigorous conditions 
that were frequently imposed: Messrs. Paul Blosser, Elmer Fricke, Henry 
Troyer, Duane Hougham, George Nachtigal, and Edward Miller. Dr. 
Frank I. Nakamura, Howard Blosser, and Courtenay Anselm carried most 
of the burden of the analytical work, which the authors greatly appreciate. 
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ANTIRACHITIC SULFONATION OF SOME STEROIDS* 


By LESTER YODER anp B. H. THOMAS 


(From the Animal Chemistry and Nutrition Subsection, Iowa Agricultural 
Experiment Station, Ames) 


(Received for publication, July 29, 1948) 


A few sterols, some derivatives, and certain steroid materials have been 
transformed chemically, by heating with suitable reagents (1-4), to prod- 
ucts having antirachitic activity. This activating reaction! involves heat- 
ing an appropriate substrate in acetic acid solution with an efficient sulfo- 
nating reagent under anhydrous conditions for a number of hours. At the 
termination of the reaction time, the acetic acid is removed by vac- 
uum distillation. The antirachitic material is contained in the residue. 
Among the various sulfonating reagents tried in acetic acid solution, sul- 
furie acid-acetic anhydride or chlorosulfonic acid generally has produced 
residues having the greatest potencies when the substrate was either cho- 
lesterol or those derivatives of it which are unsaturated at carbon 5 and 
react positively to the Liebermann-Burchard blue to green color test (5). 
Since the appearance of the earlier reports referred to above, the procedure 
of antirachitic sulfonation has been variously modified and applied to some 
of the oxidized cholesterol derivatives in addition to cholesterol and to cer- 
tain steroid-containing materials. This communication presents the re- 
sults of some of these studies. 


EXPERIMENTAL 


Antirachitic Sulfonation of Various Sterols—The general procedure of 
antirachitic sulfonation has been applied with varying degrees of effective- 
hess to various sterols. Some of the results are presented in Table I. 
Here it will be seen that the antirachitic potency? of the sulfonated end- 
product depends in part on the nature of the steroid substrate as previously 
reported (4). Antirachitic sulfonation of isocholesterol produced a residue 
containing no antirachitic activity (Experiment 34). This isocholesterol 
was separated from the unsaponifiable fraction of wool fat by the method 
of Doree and Garratt (8) and thus was composed entirely of lanosterol and a 
‘ a Paper No. J-1570 of the Iowa Agricultural Experiment Station, Project 
NO. " 


‘This reaction will be referred to as “‘antirachitic sulfonation” and the anti- 
rachitic products formed by the reaction as ‘‘chemosterol D.”’ 
; * The biological tests were conducted in accordance with the line test procedure of 
U.S. P. XI (6) with exceptions as to numbers of rats indicated in the tables and their 
grouping. 
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small percentage of agnosterol. Windaus and Tschesche (9) separated 
isocholesterol of wool fat into 92 per cent lanosterol and 8 per cent agnog. 
terol. The negative results given by sulfonated isocholesterol had beep 
anticipated, since lanosterol does not give the Liebermann-Burchard colo, 
reaction of the steroids unsaturated at carbon 5, and in view of later reports 
(10-12) neither lanosterol nor agnosterol can be considered true sterols, 

Earlier tests (1) indicated that, when cholesterol was dehydrated to 
cholesterilene, the latter produced a more potent antirachitic when gu- 
fonated. Therefore, pure lanosterol, 3 gm., prepared by the Doree and 
Garratt (8) procedure, was dehydrated by first heating in an oil bath to 
200° and then for 10 minutes with 0.5 gm. of powdered fused zine chloride. 
This caused an evolution of gas. The reaction product was extracted with 
petroleum ether, filtered free from zinc chloride, and the solvent removed by 
evaporation at 100°. 1 gm. of the oily residue was sulfonated exactly 
as lanosterol had been in Experiment 105 and tested subsequently for 
antirachitic activity (Experiment 106). Again no antirachitic was pro- 
duced. Therefore, it appears that cholesterol is the only known sterol in 
wool fat. which can be antirachitically sulfonated. 

Sulfonated sperm oil sterol, Difco* (13), also yielded products having 
no antirachitic activity, even when fed at comparatively large levels of 
intake. Furthermore, sulfonated ergosterol, stigmasterol, and §-sitosterol 
(4) yielded products having relatively little antirachitic potency. On 
the other hand, when the same activating procedure was applied to the 
mixed sitosterols of corn germ sterol, Difco, an active residue with much 
higher potency was obtained. 

Steps also were taken to determine what modification in procedure 
might be effective in increasing the antirachitic potency of chemosterol 
D derived from various grades of cholesterol, its acetate, chloride, and 
hydrochloride. Many variations in the proportion of the sulfonating 
reagents and conditions of operation were tried. The results of some of 
these also are reported in Table I (Experiments 91, 305, 309, 310, 319, 
and 385). These tests demonstrate that either pure or crude cholesterol 
preparations may be used as the substrate, and that the composition of 
the reacting mixture may vary considerably without affecting appreciably 
the antirachitic potency of the sulfonated end-product. Also, the effect 
of successive treatments of substrate with the same sulfonating reagents 
was tried (Experiment 79). In this instance, the successive reheating 
of 1.93 gm. of cholesterol with two fresh portions of the sulfuric acid- 
acetic anhydride mixture gave a residue which appeared to have a greater 
potency than the same amount of cholesterol treated only once with the 


34 commercial preparation kindly supplied by the Difco Laboratories, Inc, | 


Detroit, Michigan. 
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same sulfonating mixture. Also interesting is the observation that the 
presence of hydrogen chloride in the cholesterol addition product did 
not prevent antirachitic sulfonation (Experiment 339); nor did substi- 
tution of chlorine for the 3-hydroxyl group of cholesterol in the cholesteryl 
chloride (Experiment 510) reduce appreciably the antirachitic potency 
usually produced from similar quantities of cholesterol. 

Exploratory tests (Experiments 309, 310, 319, 337, and 385) had indi- 
cated that sulfonation at higher temperatures than employed originally 
might favor the production of residues having greater potencies. Sub- 
sequently, experiments were undertaken to determine whether sulfona- 
tion of cholesterol at higher temperatures and longer periods of heating 
would produce chemosterol D having greater biological activity. The 
results obtained are summarized in Table II. Here, the general sulfon- 


TABLE II 


Effect of Length of Time and Temperature of Reaction on Antirachitic Sulfonation 
of Cholesterol 

















Experiment No. | Reaction time Temperature | os Fy of actin 

j | 

| a °c. | me. 
368 | 0.5 97 4.50 
369 | 3 97 | 0.85 
370 | 8 97 | 0.89 
371 | 16 97 0.68 
372 | 24 97 0.69 
373 | 3 75 1.33 
374 3 117 0.35 
375 16 | 75 0.47 
376 16 | 117 | 0.30 


lbs ee ce 











ation procedure involved the gradual addition of 11 ml. of sulfuric acid 
(specific gravity 1.84) to an agitated suspension of 40 gm. of cholesterol 
in 400 ml. of 99.5 per cent acetic acid and 40 ml. of acetic anhydride. 
At the end of each heating period, the acetic acid was removed by dis- 
tilling in partial vacuum from a boiling water bath. Biological tests of 
the distillation residues indicate that, when the heating period was limited 
to 3 hours, greater antirachitic activity was obtained by carrying out 
the reaction at 117°, the temperature of boiling acetic acid, rather than 
at 75°. Furthermore, extending the reaction time to 16 hours at either 
of these temperatures failed to increase appreciably the antirachitic 
potency of the residue. 

Antirachitic Sulfonation of Oxidized Cholesterol Derivatives—Anti- 
rachitic sulfonation of sterols requires, in addition to other reagents, the 
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use of sulfuric acid or its derivative chlorosulfonic acid (14). The an- 
hydrous acid apparently oxidizes the organic substrate with the libera- 
tion of sulfur dioxide (3). Since antirachitic sulfonation is potentially 
an oxidizing reaction, several oxidized cholesterol derivatives were pre- 
pared and sulfonated. The results are presented in Table III. The 
prepared oxidized derivatives of cholesterol listed here were heated 14 
hours in an acetic acid solution to which had been added minimum 
amounts of acetic anhydride and sulfuric acid, or chlorosulfonic acid, 
These acids were added in the amounts indicated with stirring at room 
temperature and then heated. At the termination of the period of heat- 
ing the acetic acid was distilled at 55° in a partial vacuum. Then the 
residue was dissolved in a mixture of ethylene chloride and methanol, 
brought to volume, and subsequently tested biologically for antirachitic 
activity. 

These oxidized steroids may be considered derivatives of cholestane- 
3,5,6-triol described by Pickard and Yates (15). They were - prepared 
according to the methods of Rosenheim, Petrow, and Starling (16, 18, 
19, 21). Westphalen (17) first made a diol derivative while attempting 
to acetylate the 5-OH group of cholestane-3 ,5,6-triol. Later, Rosen- 
heim, Petrow, and Starling identified Westphalen’s diol as 5-methyl- 
A®: *-norcholestene-3 ,6-diol and made it directly from cholesteryl acetate 
with heated solutions of selenium dioxide and identified a series of inter- 
convertible isomers. All of these derivatives except 3 ,6-diacetoxy-5- 
methyl-A*: °-norcholestene and A*-cholestene-3 ,4-dione, form B, ex- 
hibited the typical Liebermann-Burchard blue and violet to green color 
transformations on addition of the sulfonating reagent. 

The 5-methyl-A*: °-norcholestene-3 ,6-diol was made by acetylation of 
cholestane-3 ,5,6-triol (Experiment 411) and treatment of the 3,6-di- 
acetoxycholestane-5-ol in acetic anhydride with concentrated sulfuric 
acid at room temperature. The dehydration and isomerization were 
accompanied by a transient deep blue color typical of that produced by 
the Liebermann-Burchard test. Subsequently, upon sulfonating the 
colorless crystals of the norcholestenediol diacetate derivative, a change 
of color progressing from pink to red accompanied the reaction. Al- 
though this derivative responded negatively to the Liebermann-Burchard 
test, it became strongly antirachitic on sulfonation. Therefore, use of 
this color test as a means of identifying steroids which can be antirachiti- 
cally sulfonated would appear to be valid only if applied to the mother 
substance. The diones cannot be transformed to antirachitic products 
on sulfonation in this manner (Experiment 507). Neither of the two 
unsulfonated derivatives (Experiments 478 and 508) produced healing 
in rachitic rats at the levels tested. Neither can cholestenone be anti- 
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TABLE III 
Antirachitic Sulfonation of Oxidized Derivatives of Cholesterol 








Antirachitic activity as 
Reagents and amount used indicated by healing 
response of rachitic rats 
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Cholestane-3,5-, | 0.2 | HeSO, 0. 06) “40 2 17 ae ae 2 1.3 
6-triol (15) | | | 
| | | |3}50 | -5| 4.4 
3,6-Diacetoxy- 0.73 | (HSO;Cl 0.1 2.5)¢ 0.14117) 4| 0.5 0; 0.0 
5-methyl - A®*- +8) 4| 5 1} 2.5 
norcholestene | | 4/150 | —16} 4.0 
(16) (17) Rete 
‘ 0 oo | |3|30 | 4 0.0 
cis-A5-Choles- 0.8 (HSO,Cl (0.13)2.5) (0.17/117) 8| 5 1) 1.6 
tene-3, 4-diol +12 8 | 50 —7| 4.8 
(18) 8 |146 —15) 5.0 
= 1.6 . . & 0.5 |2.5) (0.4 |117| 4 1 —2| 0.0 
+27 4 3 -—1l} 1.1 
4| 6 —3) 2.3 
8 | 50 4; 5.0 
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+12 4} 50 —5| 4.0 
4 |146 —14) 5.0 
- 1.6 ees 0.26/2.5) (0.4 | 90' 4] 5 5} 1.5 
+27 4} 50 —5) 4.0 
4 \146 —6| 5.0 
xis 0.8 | HSO,C] 0.4 150.2 {117} 4| 5 0} 1.8 
4 50 —6| 3.9 
| 4/146 | —9| 5.0 
Cholesterol 0.77|| - 0. 4 150.2 117, 4| 4.8 0} 2.6 
we | | |4|48 | 10} 3.6 
| | | 4 |140 q 
3,6-Diacetoxy- | 0.96 | (HSO;Cl 0.132.5) 0.2 117.4] 5 —1; 1.9 
A‘-cholestene | | +12) | 4|50 | —17| 3.7 
(19) | aoe | | 4 |146 | —22) 5.0 
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497 | 3,4-Diacetoxy- 0.96 | (HSO;Cl |0.13/2.5) 0.2 |117, 4] 5 0} 2.5 
A® - cholestene +12 | 4 50 ~6 4.2 

(18) | 4 146 | -12) 5.0 

412 | a-A®-Cholestene | 0.2 | H.SO, 0.06 510.2 |117, 3 | 5 0} 1.9 
oxide (20) 13|50 | —-3| 3.6 

507 | A*-Cholestene-3,-/ 0.8 | HSO;Cl 0.26) —15/0.2 117, 4 | 5 5} 0.0 
4-dione, form | 4 50 2] 0.0 

B (21) 4 }145 Z} 16 

508 a 0 olo lo | 4] 25 13) 0.0 























* Negative control tests were conducted routinely for all experiments. No rats 
showed healing. Complete healing is indicated by 5.0 (6). 

t The items included in the parentheses indicate that the reagents were combined 
as indicated prior to addition to the substrate in the acetic acid. 

¢ Added to stock colony ration instead of rachitogenic ration, No. 2965 (6). 

§ Duration of reaction, 5 hours in Experiment 505; in all others, 14 hours. 

|| Aerated during sulfonation. 

§ All rats died. 


rachitically sulfonated ((1), p. 74), by this procedure. It is probable that 
oxidation to the ketone stage prevents antirachitic sulfonation of cho- 
lesterol derivatives. 

The effect of varying the amount of sulfonating acid on the quantity 
of antirachitic activity produced from equal amounts of czs-A°-choles- 
tene-3 ,4-diol was studied. These results are reported in Table III (Ex- 
periments 484, 495, 500, and 505). They show that use of sulfonating 
acid in proportions ranging from 1 to 3 mole equivalents was without 
much effect in improving the resultant potencies. 

In the case of the 3,4-diol derivatives, an increase in the sulfonating 
temperature above 90° for 14 hours (Experiments 505, 511, and 512) and 
time exceeding 5 hours at 117° (Experiments 495 and 505) appeared to 
produce similar antirachitic activity. 

Eck and Thomas have reported (2) that the cholesterol derivative, 
cholestene-5, can be converted to an antirachitic product by the sulfuric 
acid-acetic anhydride sulfonating reagent. The oxidized derivative, 
a-A5-cholestene oxide, produced by the oxidation of cholestene-5 with 
perbenzoic acid and subsequent dehydration (20), also yielded an anti- 
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rachitic sulfonated residue having the usual potency (Experiment 412) 
following treatment with the same reagent as had been used in the earlier 
work to activate cholestene-5. 

Antirachitic Activity and Growth Retardation—Examination of the 
changes in live weight of the rats during the test periods indicates that 
the amount of weight lost was correlated with the quantity of sulfonated 
product fed. Invariably the greatest losses in live weight occurred in 
those groups to which the largest amounts of sulfonated product were 
fed. These were at a maximum in the case of sulfonated 3 ,6-diacetoxy- 
5-methyl-A*: °-norcholestene (Experiment 477), 3,6-diacetoxy-A‘-cho- 
lestene (Experiment 497), and cholesterol (Experiment 499), and at a 
minimum in the sulfonated 3,4-diols. The relationship of isomeriza- 
tion in antirachitic sulfonation to both antirachitic potency and extent 
of growth retardation is suggested by the results of Experiments 477, 
496, and 497. The 3,4 isomer was definitely less deleterious than the 
3,6. The synthesis of the 3,6-diol differs mainly from that of the 3,4- 
diol in that the oxidation with selenium dioxide in acetic acid was carried 
out at 117° instead of 90°. This suggested that possibly in the analo- 
gous reaction with chlorosulfonic acid in antirachitic sulfonation a similar 
deleterious isomerization might occur. However, when the 3,4-diol 
was sulfonated at the lower temperature (Experiments 511 and{[512), 
no less loss in weight was apparent. 


SUMMARY 


A study was made of various modifications of the procedure for anti- 
rachitic sulfonation. The modifications involved principally variations 
in the quantity of reagents used and time and temperature of the reac- 
tion. Relatively wide variations of conditions often led to insignificant 
changes in potency. Time and temperature were mutually compensating. 

Without exception, hydroxysteroids, unlike a ketosteroid tested, could 
be antirachitically sulfonated. A Liebermann-Burchard positive steroid 
and its Liebermann-Burchard negative derivative were both antirachiti- 
cally sulfonated. 

The growth of rachitic rats fed rations fortified with chemosterol D 
as it is produced by present methods appears to be negatively correlated 
with the amount included in the ration. 
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ON THE REQUIREMENT FOR DIPHOSPHOPYRIDINE NUCLEO- 
TIDE IN THE AEROBIC METABOLISM OF PYRUVATE 
BY BRAIN TISSUE 


By JOSEPH LARNER,* BERNARD J. JANDORF, anp WILLIAM H. 
SUMMERSON 


(From the Biochemistry Section, Medical Division, Army Chemical Center, Maryland) 
(Received for publication, October 16, 1948) 


There appears to be general agreement that at least the following co- 
factors are necessary for the restoration of normal aerobic pyruvate utili- 
zation in brain suspensions after dialysis: (a) inorganic phosphate, (b) mag- 
nesium ions, (c) adenylic acid or adenosine triphosphate (ATP), and (d) 
a C,-dicarboxylic acid. The participation of diphosphopyridine nucleotide 
(DPN) as an additional cofactor, however, has not as yet been unequivo- 
cally demonstrated. Thus Banga et al. (1), using dialyzed rabbit and 
pigeon brain dispersions, found that adenylic acid could be replaced by 
DPN under some conditions but not consistently. Green et al. (2), work- 
ing with washed suspensions of kidney, liver, brain, and other organs, con- 
cluded that DPN was not a necessary cofactor in the oxidation of pyruvate 
by such preparations. Reiner (3), using a “complete system,” containing 
all known cofactors and DPN as well, has presented manometric data on 
the utilization of pyruvate by rat brain homogenates which raise the ques- 
tion of whether or not pyruvate is utilized at all under these conditions. 

In our own studies on the cofactors concerned with pyruvate metabolism 
in brain dispersions, we likewise obtained inconsistent results when the re- 
quirement for DPN was investigated. Further study, the results of which 
are presented here, indicates that DPN is in fact a necessary component in 
the aerobic metabolism of pyruvate by brain, and that past difficulties in 
demonstrating this fact have probably been due to lack of control of the 
inherent DPNase activity of brain tissue. 


Methods 


Adult Carworth Farms mice, without regard to sex, were used through- 
out this study. The animals were fasted for 18 hours prior to use and 
killed by crushing the neck with a forceps. The brain was excised down to 
but exclusive of the cerebellum, rinsed in distilled water, drained on filter 
paper, weighed on a torsion balance, and transferred to a glass homogenizer 
of the Potter-Elvehjem type (4) which had previously been chilled in an 


*Present address, Division of Biochemistry, Noyes Laboratory of Chemistry, 
University of Illinois, Urbana, Illinois. 
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ice water jacket. To the brain material, 4 volumes of ice-cold distilled 
water, or other appropriate solutions as described below, were added and 
the whole was homogenized, with the homogenizer tube kept in the ice 
water jacket during this process. About 15 minutes ordinarily elapsed 
between brain removal and the end of homogenization. 

Aliquots (0.3 ml.) of the homogenates were transferred to the side arm 
of 17 ml. conical Warburg vessels previously charged in the main compart- 
ment with the following solutions: K pyruvate, 0.25 m, 0.6 ml.; DPN, 
0.015 m, 0.2 ml.; ATP (as K salt), 0.0137 m, 0.2 ml.; cytochrome c, 0.0905 
M, 0.35 ml.; K fumarate, 0.024 m, 0.2 ml.; nicotinamide, 0.60 m, 0.2 ml.: 
MgCh, 0.12 m, 0.2 ml.; KH.PO,.-K,HPO, buffer, pH 7.4, 0.40 m, 0.3 ml.: 
H.O, 0.45 ml. 

This is substantially identical with Reiner’s ‘“‘complete system”’ (3), in 
so far as cofactors are concerned, but with hexose diphosphate omitted, 
Each vessel contained 0.2 ml. of 20 per cent NaOH in the center well to 
absorb COs. 

The vessels with attached manometers were transferred as quickly as 
possible to the constant temperature bath at 38°. This usually required 
about 10 minutes after homogenization. The vessels were shaken with 
air as the gas phase! for 10 minutes; a zero time reading was taken, the 
homogenates were added to the contents of the main vessel, and incubation 
was continued for a further 30 minute period. Readings of O. consump- 
tion were taken at 10 minute intervals. At the end of the incubation 
period, trichloroacetic acid to yield a final concentration of 5 per cent was 
added to each vessel. The vessel contents were removed quantitatively, 
adjusted to a known volume, and filtered through No. 42 Whatman filter 
paper. Aliquots of the filtrates were used for pyruvic acid analysis. In 
zero time controls, trichloroacetic acid was added to the vessel contents 
before the addition of the brain homogenate. 

In the determination of dry weight, aliquot samples of each homogenate 
were removed immediately after preparation, dried at 105° for 24 hours, 
and weighed. When homogenates of different degrees of dispersion were 
prepared from the same tissue material, samples for dry weight determi 
nation were removed at every stage and at a time coinciding as closely as 
possible with the addition of such aliquots to the Warburg vessels. 

Potassium pyruvate was prepared and recrystallized by an unpublished 
method.? The recrystallized material was found to be 98 per cent pure by 
alkali titration and by iodometric titration (7). Adenosine triphosphate was 


1 In confirmation of the findings of Mann and Quastel (5) and Dickens (6) it has 
been found that both oxygen consumption and pyruvate disappearance are depressed 
in this system if oxygen is substituted for air in the gas phase. 

* Kondritzer, A. A., personal communication. 
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prepared from rabbit muscle as the barium salt by the method of LePage 
(8), and converted into a solution of its potassium salt. The concentration 
of ATP was established by determining the amount of inorganic phosphate 
formed on heating with n HCl in a boiling water bath for 15 minutes. In- 
organic phosphate was determined by the method of Fiske and 
Subbarow (9). 

Diphosphopyridine nucleotide wasa commercial product (Schwarz Labo- 
ratories, Inc.), approximately 33 per cent pure; the degree of purity was 
determined by the increase in absorption at 340 my after reduction with 
dithionite according to LePage (10). ‘To test for the presence of triphos- 
phopyridine nucleotide (TPN) the TPN-linked malic decarboxylase system 
of Ochoa (11) was used.2 No TPN activity could be detected when 6 mg. 
of our DPN preparation, equivalent to 2 mg. of DPN, were used. Since 
by the method in our hands a minimum of 19 7 of TPN could be detected, 
the TPN content of our preparation was less than 0.3 per cent. All so- 
lutions of DPN were adjusted to approximately pH 7.5 immediately before 
use. 

Cytochrome c was prepared from beef heart by the method of Keilin and 
Hartree (12) and dialyzed against H.O. The concentration of the so- 
lution so obtained was determined spectrophotometrically by the method 
of Drabkin (13). Fumaric acid was used in the form of the potassium 
salt. 

Pyruvic acid was determined colorimetrically by reaction with 2,4- 
dinitrophenylhydrazine by a modification of the method described by 
Penrose and Quastel (14). It was not necessary to use the extraction 
procedure recommended by Friedemann and Haugen (15), since repeated 
control experiments showed consistently low values for the presence of 
substances other than pyruvic acid which reacted with dinitrophenylhy- 
drazine; moreover, the concentration of such substances was the same at 
the beginning and end of the experimental period. DPN assays were 
carried out on heat-inactivated aliquots of experimental mixtures by the 
method of Jandorf et al. (16). 


Results 


In preliminary experiments, the oxygen consumption of mouse brain 
suspensions was studied with glucose (0.028 m) as substrate, and with the 
various cofactors described by Reiner (3), including hexose diphosphate 
(0.005 m). With this system Qo, values similar to those given by Reiner 
for rat brain were found. When glucose was replaced by 0.01 m pyruvate 
as substrate, an oxygen consumption of more than twice that found in 


* We are indebted to Dr. S. Ochoa for a sample of purified TPN. 
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the absence of any added substrate, as well as disappearance of pyruvic 
acid, was observed. The ratio (moles of oxygen consumed in the pres. 
ence of pyruvate) to (moles of pyruvate disappearing) was approximately 
1.1, in the same range though slightly lower than that found by Peters 
and his coworkers (1, 17, 18). When Qo, values were calculated from 
the period of linear oxygen consumption (usually the first 20 minutes of 
the experimental period), values of —15 to —25 were obtained. 

Our first experiments concerning the necessity for the various cofactors 
in the ‘complete system’? demonstrated a consistent decrease in both 
oxygen consumption and pyruvate disappearance when cytochrome ¢. 
Mg**, ATP, or fumarate was omitted (Table I). When DPN and nico. 
tinamide were omitted, however, inconsistent results were obtained: little 


TABLE [| 


Effect of Various Cofactors on Pyruvate Disappearance in Mouse Brain 
Homogenates 


—Qo, = microliters of oxygen consumed per hour per mg. of dry weight of 
tissue. System as described in the text with appropriate omissions. 


| 


Experiment 1 Experiment 2 
Components of system = : 
a a | | eee 
| + per hr. per mg per hr. per mg. 
dry weight dry weight 
Ie i er Se ae 24 57 | 25 61 
NEY Sh iia Paton «oes oO 5 | 8 7 
‘¢ DPN and nicotinamide......... 16 49 10 26 
eg 8 39 11 52 
Ae eee a 20 11 33 
a alas cy xiaxde hese cn en e'e'e | 13 36 9 35 


SWADUOPORG s 5. ook ccc ccbecsccse en 3 30 4 24 


or no depresssion in Qo, and pyruvate disappearance in some cases, marked 
depression in others (compare Experiments 1 and 2, Table I). 
Investigation of these variations revealed that the need for the addition 
of DPN and nicotinamide could be correlated with the method of pre- 
paring the homogenates. Those prepared ina loosely fitting homogenizer 
tube showed little or no differences in O, consumption and pyruvate dis- 
appearance in the presence or absence of DPN and nicotinamide. When 
the tissue was homogenized for the same length of time and at the same 
rate of rotation of the pestle in a tight fitting tube,‘ it was invariably nee- 
essary to add DPN and nicotinamide to the system to restore its ability 


‘For the sake of brevity such homogenates will be referred to as ‘‘coarse”’ and 
‘fine’? homogenates, respectively. 





tO! 


mM 


§ruvic 
pres- 
ately 
eters 
from 


es of 


Ctors 
both 
ne ¢, 
nico- 
little 


tht of 


lisap- 
ce 


or mE. 
ght 


arked 


dition 
f pre- 
onizer 
e dis- 
When 
same 
7 nec- 
bility 


>”? and 


J. LARNER, B. J. JANDORF, AND W. H. SUMMERSON 377 


to metabolize pyruvate. No significant difference in temperature of homo- 
genates prepared by either means, at the end of the period of homogeni- 
gation, was discovered. Histological examination of stained smears of 
both coarse and fine homogenates revealed many clumps of intact nerve 
cells in the former, with an occasional free nucleus, and but few intact cells 
and free nuclei in the latter. 

In subsequent experiments it was found possible consistently to pre- 
pare coarse homogenates for which the presence or absence of added DPN 
had no effect on either oxygen consumption or pyruvate utilization, and 
fine homogenates which required added DPN. A series of such experi- 
ments is shown in Table II, where the effects of DPN and nicotinamide on 
coarse and fine homogenates are compared. The results demonstrate that 
when mouse brain is homogenized for 1 to 10 minutes in a loosely fitting 


TABLE II 


Effect of Duration of Homogenization on Requirement of DPN and Nicotinamide 
Addition to Coarse and Fine Brain Homogenates 


Preparation of homogenates and components of system as described in the text 





Coarse homogenate Fine homogenate 

~ . oo sa | + . 

Complete system Less pr eB = | Complete system | Less yb il 

td Pyruvate dis- | _ Pyruvate dis- Be Pyruvate dis-| _ | Pyruvate dis- 

20; appearance 20. appearance | 20, | appearance 20, | appearance 

‘ + per hr. per + ber hr. per ° | > per hr. per y ber hr. per 

— mg. dry weight mg. dry weight ™*"- mg. dry weight mg. dry weight 
1 | 2h 51 20 46 1 21 | 50 11 33 
1 | 22 56 20 50 6 | 24 | 96 13 27 
6| 22 | 66 | 21 56 6 18 55 13 29 
0; 2 | 82 20 42 |10| 24 54 wi Ss 


homogenizer both the oxygen consumption and pyruvate disappearance 
are unaffected by omission of DPN and nicotinamide. Fine homogenates, 
on the other hand, show a marked depression in both these activities in 
the absence of added DPN and nicotinamide; normal activities are re- 
stored on addition of these substances. In the complete system the extent 
of homogenization affects neither oxygen consumption nor pyruvate dis- 
appearance. It may be noted that omission of Mg ions and cytochrome 
cappears to have the opposite effect; 7.e., a more marked depression of 
both metabolic activities in coarse than in fine homogenates. This phe- 
nomenon was not studied further. 

These results with coarse and fine homogenates may be explained by 
assuming that thorough disintegration of brain tissue releases the intra- 
cellular enzyme, DPNase, or activates it in some way, and thus promotes 
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the decomposition of endogenous DPN; in less thoroughly ground ma. 
terial, on the other hand, DPN is somehow unavailable to the cell DPNage 
and remains intact to such an extent as to sustain normal respiration and 
pyruvate catabolism. 

Work by Mann and Quastel (19), Handler and Klein (20), and othe 
has shown that DPNase is inhibited in the presence of concentrations of 
nicotinamide of the order of 0.01 mM. This finding has already been utilized 
in the preceding experiments, in which nicotinamide had been added tg 
fine homogenates together with DPN to prevent further breakdown of the 
added DPN. If our hypothesis concerning the differences between coarse 
and fine homogenates were correct, fine homogenates prepared in the pres- 


TaBLeE III 
Effect of Homogenization in Nicotinamide Solutions on Necessity of DPN 
Addition to Fine Brain Homogenates 
All homogenates were prepared by grinding 1 part of brain with 4 parts of nico- 
tinamide solution for 6 minutes in a tightly fitting homogenizer. 


Complete system DPN and nicotinamide omitted 
ree —-Qo, Pyruvate disappearance —-Qo, Pyruvate disappearance 
gm. per 100 ml. solution per hr. per mg. dry weight y per hr. per mg. dry weight 

0.5 21 45 10 12 
0.7 20 49 12 32 
1.0 26 46 21 44 
1.4 24 52 18 | 44 
2.7 24 47 24 42 
4.1 15 52 15 51 


* The concentrations of nicotinamide are those of the solutions used for homog- 
enization; the final concentration of nicotinamide after addition of homogenate to 
the rest of the system is one-tenth of the above concentrations. 


ence of sufficient nicotinamide should show normal pyruvate metabolism 
unaffected by further addition of DPN. ‘Table III presents evidence to 
substantiate this prediction. In these experiments various samples of 
brain tissue were homogenized for 6 minutes in a tightly fitting homo- 
genizer with 4 volumes of an ice-cold solution of nicotinamide instead of 
water. It may be seen from Table III that a concentration of 0.5 per 
cent nicotinamide during homogenization is not sufficient to obviate the 
necessity of adding further DPN for full restoration of pyruvate metab- 
olism. Concentrations above 1 per cent of nicotinamide, however, yield 
homogenates with normal oxygen consumption and pyruvate utilization in 
the presence or absence of added DPN. When the nicotinamide concen- 
tration was raised to 4 per cent or above, an inhibition of oxygen consump- 
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tion with or without added DPN was found, while pyruvate utilization 
was unimpaired and independent of the addition of DPN. The nature of 
this inhibition, which has previously been noted by Mann and Quastel 
(19), has so far not been elucidated; it has been noted, however, that it 
cannot be reversed by the addition of excess DPN. 

The above experiments provide indirect support for the theory that fine 
homogenates have a higher DPNase activity than coarse homogenates. 
More direct evidence is provided by following the rate of decomposition 
of endogenous DPN in coarse and fine homogenates, as shown in Table IV. 
In these experiments, coarse and fine homogenates were incubated for 
various lengths of time at 38°, then heated in a boiling water bath for 15 
minutes, and centrifuged. Each supernatant was decanted, the precipi- 
tate washed with 0.5 to 1 ml. of water, recentrifuged, and: the washings 
and supernatant combined. This solution was then used for the direct 
determination of DPN by the method of Jandorf et al. (16). Control ex- 


TaBLe IV 


DPN Content of Coarse and Fine Mouse Brain Homogenates after Incubation 
at 38° for Various Lengths of Time 





DPN content of homogenate 














Length of incubation =" — a Shah a a a ee 
Coarse | Fine 
) i a eee fr! Pe nee eee | Vee oe ee 
min. 7 per gm. dry weight per gm. dry weight 
0 670 620 
10 531 | 370 


20 | 472 250 





periments demonstrated maximal and uniform extraction of DPN by this 
means. It is apparent from the results given in Table IV that the DPN 
content of a fine homogenate decreases at a much greater rate upon in- 
cubation at 38° than is the case with a coarse homogenate prepared from 
the same tissue material. This is further evidence of an increased DPNase 
activity in fine homogenates over that present in coarse homogenates. 
Furthermore, it has been consistently noted that in fine homogenates the 
decrease in DPN content on incubation is roughly parallel to the decrease 
in oxygen consumption. 


DISCUSSION 


The experiments presented in this paper demonstrate that pyruvate is 
metabolized in our mouse brain preparations, as evidenced by disappear- 
ance of this substrate from the system. No attempt has been made to 
determine the fate of the pyruvate thus metabolized; it seems unlikely 
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that all of it is oxidized to CO2 and HO, since such metabolism would re. 
quire a value of 2.5 for the molar ratio of O, consumed to pyruvate me. 
tabolized, in contrast to our observed ratio of approximately 1.1; this js 
in agreement with Long’s (18) findings that in pigeon brain about two. 
thirds of the metabolized pyruvate is completely burned, the remainder 
being accounted for as acetate and lactate. 

In addition, these experiments demonstrate clearly that evidence as to 
substrate utilization must be based primarily on direct chemical determi- 
nation rather than on the indirect evidence of oxygen consumption. Thus, 
high concentrations of nicotinamide were found to depress appreciably the 
uptake of oxygen by our system without any marked effect on the pyruvate 
disappearance. 

The involvement of DPN in the metabolism of pyruvic acid here studied 
has been demonstrated by various means. First, in suitable mouse brain 
preparations, it has consistently been possible to show that in the absence 
of added DPN both oxygen consumption and pyruvate utilization are sig- 
nificantly impaired. Secondly, both of these metabolic activites can be re- 
stored to original levels by the addition of an active DPN preparation. 
Lastly, both oxygen consumption and pyruvate disappearance can be 
maintained at normal levels by preparing brain homogenates in the pres- 
ence of nicotinamide in concentrations which have been shown to prevent 
the breakdown of DPN (19). 

The question arises as to whether the restorative activity of our DPN 
preparations is indeed due to DPN itself rather than to an accompanying 
factor. The substances likely to be present in such a DPN concentrate, 
prepared by the method of Williamson and Green (21), are adenylic acid 
and its phosphorylated derivatives, and TPN. The first group of sub- 
stances can be excluded, since concentrations of ATP, more than 3 times 
the equivalent of the amount of DPN necessary to restore full activity, 
were completely inactive. TPN may be excluded since (a) it comprised 
at most 0.3 per cent of the DPN preparation used (a value within the limit 
of detection of the malic decarboxylase test system), and (b) an amount 
of purified TPN, equivalent to an amount of DPN necessary to restore 
almost complete activity to a brain homogenate, was likewise inactive in 
this respect. 

The results reported here for mouse brain are in contrast to the findings 
of Green et al. (2) pertaining to pyruvate metabolism by the washed in- 
soluble particles of various mammalian tissues. According to these authors 
pyruvate is oxidized completely without the addition of any pyridine 
nucleotides, the only cofactors necessary being Mgt*, adenylic acid, and 
a C,-dicarboxylic acid. We are unable to reconcile these divergent results; 
they may be due to differences in the methods of tissue preparation. 
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Indeed this study shows that seemingly small variations in the tech- 
nique of preparing homogenates may have a profound effect on the met- 
abolic requirements and activities of the resulting preparations. Such 
differences between coarsely and finely ground tissue dispersions as have 
been reported by Stadie et al. (22) for the effect of insulin on pyruvate 
metabolism in muscle, by Gibson and Long (23) for pyruvate metabolism 
in the heart, and by Novikoff et al. (24) for the DPN content of embryos 
may well have been due to a variable release or activation of DPNase and 
consequently variable DPN destruction. 

Barron et al. (25) have recently reported that ground lung tissue ex- 
hibits a markedly lower metabolism of pyruvate and other substrates than 
do lung slices. These workers also attribute their findings to the high 
DPNase activity of lung tissue. Their results are in good agreement with 
those reported here concerning brain tissue. 

It is unfortunate that no more precise criteria for the state of disper- 
sion of a given tissue are available than the qualitative classification as 
“coarse” and ‘‘fine” homogenates used in this study as well as by other 
workers in the field. Schneider and Potter (26) have attempted to es- 
tablish a “cytolysis quotient”? as a measure of cell rupture; later work, 
however, has shown this quotient to be a measure of some subcellular 
entity rather than of the state of cell intactness (27). Measurement 
of DPNase activity may provide a more reliable measure of cellular 
destruction. 


The authors are indebted to Dr. S. H. Durlacher, Pathology Section, 
for histological study of some of the brain homogenates here employed. 


SUMMARY 


1. Diphosphopyridine nucleotide (DPN) is an essential cofactor in the 
oxidation of pyruvic acid by water-homogenized mouse brain preparations. 
Other cofactors required for the demonstration of aerobic pyruvate me- 
tabolism with such preparations include inorganic phosphate, Mgt, ade- 
nosine triphosphate, fumarate, and cytochrome c. 

2. The requirement for the addition of DPN to homogenized brain 
preparations to promote pyruvate oxidation becomes apparent only when 
the tissue is highly homogenized. Coarse homogenates do not require 
added DPN in pyruvate oxidation. It is not necessary to add DPN to 
highly homogenized preparations if homogenization is conducted in 1 to 3 
per cent nicotinamide solutions instead of in water alone. 

3. Evidence is presented that the liberation or activation of the intra- 
cellular enzyme DPNase is of importance in the demonstration of the réle 
of DPN in pyruvate oxidation by brain homogenates. Highly homo- 
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genized brain preparations have a more marked DPNase activity than 
coarse homogenates and nicotinamide presumably inhibits such enhanced 
activity. Conflicting results by previous workers on the requirement fo; 
DPN in pyruvate metabolism by brain tissue may have been due to vari. 
ations in the mode of tissue preparation. 
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THE BIOLOGICAL ACTIVITY OF SUBSTITUTED PYRIMIDINES* 


By G. W. KIDDER anp VIRGINIA C. DEWEY 
(From the Biological Laboratory, Amherst College, Amherst, Massachusetts) 


(Received for publication, October 21, 1948) 


Recent investigations have shown that the animal microorganism, Tetra- 
hymena geleit, requires an exogenous source of pyrimidine for growth (1). 
This requirement can be met by the addition of cytidylic acid or uracil 
to the medium (2). Cytosine and thymine are without activity. The 
failure to utilize the latter two free bases was interpreted as indicating a 
block in the ability of the organism to carry out the riboside linkage in 
these two cases. The utilization of uracil, however, demonstrates the 
ability of the organism to carry out the specific riboside linkage to form the 
nucleoside and nucleotide of uracil and also its ability (and obligation) to 
substitute an amino group for the keto group in the 6 position without 
breaking the riboside linkage. Of the naturally occurring pyrimidine 
bases, therefore, uracil was found to be the only one which would satisfy 
the needs of this organism. 

A systematic testing of various substituted pyrimidine bases over wide 
ranges of concentrations offers a means of evaluating the physiological 
importance of the positions and radicals. This, in turn, may help us to 
understand better the particular enzymesinvolved. The substituted pyrim- 
idines can be divided into four categories: (1) they may replace uracil; 
(2) they may exert sparing action, so that the amount of uracil required 
for optimal growth is reduced; (3) they may exhibit inhibition even in 
the presence of uracil; and (4) they may be inert. 

The purpose of this communication is to report the results obtained 
on twenty-three substituted pyrimidine bases in regard to their activities 
when tested with T'etrahymena. We are deeply grateful to Dr. George 
H. Hitchings and his colleagues at the Wellcome Research Laboratories for 
generously supplying us the pyrimidines used. Without their coopera- 
tion this study would have been impossible. 


Material and Methods 


The organism used in these investigations was 7'’etrahymena geleii, strain 
W, grown in pure (bacteria-free) cultures. The basal medium is given in 
Table I. Growth was measured turbidimetrically (5) and all experiments 


* Aided by a grant from the United States Public Health Service and a grant 
recommended by the Committee on Growth of the National Research Council, act- 
ing for the American Cancer Society. 
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were repeated a varying number of times. Within any single experimen} 
triplicate tubes were invariably used and the results expressed as averages, 

When tests were set up for replacement or sparing action, the results 
were all based on third serial transplants in identical concentrations of com. 
ponents. In all experiments involving inhibitory compounds, however, 
it was found that completely reproducible results could be obtained only 


TABLE I 
Basal Medium 
All amounts are given in micrograms per ml. of final medium. 





PoVeci pO 83 Nicotinamide............ : 0.10 
L-Histidine HCl............. 36 ERUATARNO MOL. 5.06.<5.200000 5 1.00 
DU-sS01ONCING................. 113. | Riboflavin.......... 0.10 
PMOUCMO. 6.0.55 6.55. 147 Pteroylglutamic acid.... 0.01 
Ot re i ) Pyridoxine HCl.......... oat 
pL-Methionine................. 94 igo. |} A ..| 0.01 
L-Phenylalanine............... 70 Pyridoxamine HCl..... étage ok 
Din MIGOMING. ... 6.56.6. sc ess. 138 Biotin (free acid)... 0.0005 
IS TYPOOOORD. ... 666.0 le ec. 28 JOT 0) a ee 1.00 
ee eee Te | WOR... aes... 0.375 
oa ee ae 157 Guanylic acid.......... 30 
L-Glutamic acid.............. eer eee 
L-Aspartic acid................| 61 | MgSO,-7H20............. 100 
Rn Ne eta nas bas S | Mie..<.. ss: Saas 100 
UPPED. foo desc cae se elee en 55 CaCi,-2H;,0............ 50 
Pr ee ech -S Fe(NHy,)2(SO,)2-6H2O0 25 
L-Hydroxyproline..............| 75 | FeCls-6H20............ 1.25 
SB Sa ais soa ate ne donee d ee | | ee 5 
SN el ala whiny ox 4a ig pL GS: 0 0.05 
a ce iia ons tne cw are = Bea Seer ore 0.05 
Sodium acetate................| 1000 Tween 85f........ alee 700 
Ca pantothenate............... | 0.10 





* Furnished by the Lederle Research Laboratories through the courtesy of Dr. 


E. L. R. Stokstad. Protogen represents a portion of the previously used ‘‘Factor 
II.’ For the references see (3) and (4). 
+ Furnished by the Atlas Powder Company, Wilmington, Delaware. 


when the organisms used for inoculation into medium containing an in- 


hibitor were grown for two serial transplants in a medium containing ° 


suboptimal level of the antagonist (e.g., uracil). This technique is neces 
sary to avoid permanent injuries (in the case of some of the more potent 
inhibitors) and any tendency to adaptation to the inhibitor. Incubation 
was for 72 hours (unless otherwise noted) at 25°. 

Each compound was tested for replacement over a range of graded con- 
centrations up to 100 y per ml. of medium, in the absence of other py- 
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rimidine. A similar range of concentrations was then tested with sub- 
optimal amounts of uracil (2 y per ml.) or cytidylic acid (5 y per ml.) to 
determine whether or not any sparing action could be demonstrated. 
Possible inhibitory action was tested for in graded concentrations up to 
500 y per ml., in the presence of at least two suboptimal levels of uracil. 
The low solubility of many of the compounds precluded satisfactory use of 
higher concentrations. 




















TABLE II 
l i cial 
Replacement [tat soot Inhibition | tea Sparing Inert 
1-Methyl- | 1.00 2-Thio-4-aminopyrim- <20/4-Methyl 2-Amino-4-hydroxy- 
uracil idine uracil pyrimidine (isocy- 
| tosine) 
3-Methyl- | 0.84 | 5-Hydroxyuracil (iso- 25 1 ,3-Dimethyluracil 
uracil barbituric acid) | 
5-Bromo- | 0.50 | 2-Thio-6-ketopyrimi- 100 5-Methyleytosine 
uracil | dine (2-thiouracil) 
5-Nitro- 0.12 | 2,4-Diaminopyrimidine 100 4-Ketouracil (barbi- 
uracil | turic acid) 
5-Aminouracil | 200 4-Hydroxypyrimidine 
2,4-Diamino-6-methyl- | 300 4,5-Dihydroxypyri- 
pyrimidine | midine 
2,4-Diamino-5-formyl- | 300 | 5-Methyl-6-hydroxy- 
amino-6-hydroxypy- pyrimidine 
rimidine | 
2-Aminopyrimidine '>1000 Cytosine 
Thymine 








* Calculated from uracil, which was taken as 100 per cent. 
+ The inhibition index may be defined as the smallest ratio between the amount 
of the inhibitor and antagonist at which growth does not occur. 


Results 


Table IT summarizes the results obtained. Of the substituted uracils 
tested, four were capable of supplying the pyrimidine requirement. Their 
activities were very low, however, when compared with uracil. Methyla- 
tion of either the 1 or 3 position reduced the activity to 1 per cent or less. 
These percentages were calculated by comparing the amounts of uracil 
(rated as 100 per cent) with that of the substituted uracil required to 
produce equal growth. Substitution in position 5 with either —Br or 
—NO, reduced the activity to 0.5 and 0.12 per cent respectively. These 
latter activities are so low as to suggest the possibility of slight uracil 


her py- ) contamination. 
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Sparing action, but not replacement, results when position 4 js 
methylated (4-methyluracil). Maximum effect is not shown, however 
until after long periods of incubation (96 hours and over). There ig no 
indication from our data as to the active pyrimidine formed and it appears 
that, while positions 1, 3, and 5 may be hydrogenated to form uracil, posi. 
tion 4 can be hydrogenated only in the presence of some uracil. It mus 
be remembered, however, that 5-methyluracil (thymine) is inactive fo 
replacement (2) and shows no sparing action, so the hydrogenation of the 
5 position is more difficult when —CH,; is present than when either —B; 
or —NO, is present. 

When both positions 1 and 3 of uracil carry —CH; groups (1 ,3-dimethyl- 
uracil), then all activity is destroyed. ‘The difficulties of hydrogenating 
these positions singly appear to be additive to such an extent that the 
enzyme systems are incapable of converting this compound to an active 
form. Similarly, when the substitution is a keto radical in position 4 (bar. 
bituric acid), all activity is lost (no sparing action, as contrasted with 
4-methyluracil). 

Eight of the compounds tested were found to be competitively inhibi- 
tory, inhibition being antagonized by uracil or cytidylic acid. They ranged 
in inhibitory activity from an inhibition ratio of 20 to over 1000. In all 
cases inhibitory activity depended upon the degree of resemblance of the 
compound to uracil. Those which bore the closest resemblance, having 
substitutions at positions 2 and 4 or 2 and 6, are the most inhibitory. It 
is to be noted that positions 4 and 6 are very nearly equivalent, except for 
the double bonds. Additional substitutions at position 5 modify the 
inhibitory effect. 

In the case of the inert compounds, the explanation probably is that 


enzyme systems are lacking in T'’etrahymena, which would enable it to con- | 


vert them to active forms. The lack of inhibition may be due to con- 


figurations of these compounds such that they fail to fit existing enzyme / 


surfaces. Cytosine is inert, as was discussed in a previous paper (2), 
because of the apparent failure on the part of the organism to perform the 
riboside linkage. 

The results shown in Table II and discussed above may prove useful ina 
manner not immediately apparent. Inasmuch as Tetrahymena is al 


organism with a rather typical animal biochemical pattern (6), it should | 


prove useful in screening possible bacterial inhibitors. Thus the dats 
presented in Table II indicate that, if any compound in the categories other 
than that of inhibition exhibit marked bacteriostatic action, then those 
compounds may prove to be useful therapeutic agents. Hitchings et a. 


(7) have recently shown that 5-nitrouracil is inhibitory to Lactobacillus | 


caset. This compound shows no inhibitory action to Tetrahymena. 
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ts SUMMARY 

ver, Twenty-three substituted pyrimidine bases were tested for replacement, 
$00 paring action, and inhibitory action, by using the animal microorganism 
ears Tetrahymena geleit. Changes from the active pyrimidine base uracil 
DOSi- result in the following: position 1, reduces activity; position 2, destroys 


must getivity when unsubstituted, and inhibition results when substituted with 
2 for gither =S or —NHg (one exception) ; position 3, reduces activity; position 4, 
fthe yeduces activity to sparing only (—CHs) or destroys activity (=O); posi- 
—Br | tion 5, reduces activity (—NO., —Br), destroys activity (—CHs), or pro- 
. duces inhibition (—NH2); position 6, destroys all activity. 

thy!- It is suggested that these and similar results might be employed in tests 


ating for useful bacteriostatic compounds. 
t the 


wctive BIBLIOGRAPHY 
(bar- | 4, Kidder, G. W., and Dewey, V. C., Arch. Biochem., 8, 293 (1945). 
with | 2 Kidder, G. W., and Dewey, V. C., Proc. Nat. Acad. Sc., 34, 566 (1948). 


3. Stokstad, E. L. R., Hoffman, C. E., Regan, M. A., Fordham, D., and Jukes, T. H., 
ahibi- Arch. Biochem., 20, 75 (1949). 
4, Kidder, G. W., and Dewey, V. C., Arch. Biochem., in press. 
anged | 5, Kidder, G. W., and Dewey, V. C., Proc. Nat. Acad. Sc., 34, 81 (1948). 
Inall 6, Kidder, G. W., Ann. New York Acad. Sc., 49, 99 (1947). 


of the | 7. Hitchings, G. H., Elion, G. B., and VanderWerff, H., J. Biol. Chem., 174, 1037 
aving | (1948). 

y. lt 

pt for 


iy the | 


is that 
(0 con- 
0 CcOn- 
mzyme | 
er (2), 
rm the 


ful ina 
is al 
should 
ie data 
ag other 
n those 
zs el al, 
bacillus 


\ 
/ 
le 











al 
sti 
sn 
re 
th 
co 


an 
for 


th 
su 


) 


! 


ON THE UTILIZATION OF EXOGENOUS SULFATE SULFUR BY 
THE RAT IN THE FORMATION OF ETHEREAL SULFATES 
AS INDICATED BY THE USE OF SODIUM SULFATE LABELED 
WITH RADIOACTIVE SULFUR 


By DOMINIC D. DZIEWIATKOWSKI* 


(From the Department of Biochemistry, School of Hygiene and Public Health, The 
Johns Hopkins University, Baltimore) 


(Received for publication, November 19, 1948) 


There has been much controversy regarding the origin of the sulfate sulfur 
for the detoxication of phenols. Baumann (1), on the basis of rather 
meager data obtained on two dogs, was of the opinion that exogenous sul- 
fate could augment the excretion of phenol as phenyl sulfate. Tauber 
(2) and Rhode (3), however, using dogs and rabbits, respectively, were 
unable to confirm Baumann’s observations. Hele (4), on the other hand, 
was successful in demonstrating that sodium sulfate as well as sodium 
bisulfite and cystine when administered by mouth with guaiacol carbonate 
increased the ethereal sulfate sulfur excretion of dogs. Subsequently, 
Hele (5) also showed that the dog can utilize sodium sulfate, given orally 
or subcutaneously, to form phenyl] sulfate and indoxy] sulfate, and he sug- 
gested “that in every case ethereal sulphate, whether arising endogenously 
or exogenously, is formed by the union of the sulphate ion with phenolic 
compounds.” 

A more detailed summary of the controversial evidence has been given 
by Hele (4) and, more recently, by Williams (6). 

One of the sites of ethereal sulfate formation was indicated by Embden 
and Glaessner (7) to be the liver. Marenzi (8) subsequently demon- 
strated that a liverless dog was able to conjugate phenol and that the 
small intestine possesses this ability to a remarkable extent. In this 
respect, Arnoldt and De Meio (9) have more recently shown that in vitro 
the intestine is more active than the liver in the synthesis of a phenol 
conjugate. 

The synthesis of ethereal sulfates is indicated by the work of Bernheim 
and Bernheim (10) to be under the influence of labile enzyme systems. 
Their experiments with guinea pig liver slices give, in addition, support 
for the view that sulfate is used in the synthesis of ethereal sulfates, since 


they found that the conjugation of phenol was abolished in the absence of 
sulfate. 


* Present address, Hospital of The Rockefeller Institute for Medical Research, 


) 66th Street and York Avenue, New York 21. 
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On the basis of the above it seems likely that exogenous sulfate sulfur js 
used, at least in part, in the synthesis of ethereal sulfates and that this 
synthesis takes place largely in the small intestine and liver. It was of 
some interest to see if this opinion could be further substantiated by the 
use of sodium sulfate, labeled with radioactive sulfur (S*). 


EXPERIMENTAL 


Adult, male rats, 200 to 250 gm. in weight, from the colony of Professor 
E. V. McCollum, were given sodium sulfate,! containing S*, by stomach 
tube or by intraperitoneal injection. In some instances phenol in aqueous 
solution was given by stomach tube at the same time. The animals were 
housed in special metabolism cages suspended over large glass funnels, 
To facilitate collection of urine specimens with a minimal contamination 
by the feces, the funnels were loosely stoppered with hobnailed glass balls, 

The urinary inorganic sulfate sulfur, total sulfate sulfur (11), and the 
total sulfur (12) were isolated as barium sulfate. The fecal sulfur was 
likewise isolated as barium sulfate after oxidation according to the diree- 
tions of Bailey (13). All barium sulfate samples were prepared for the 
determination of radioactivity, and their activity determined as pre- 
viously described (14, 15). 

As a check on the completeness of collection the creatinine content of 
some of the urine specimens was determined by an adaptation of Folin’s 
method (16) for use with a photoelectric colorimeter. 


RESULTS AND DISCUSSION 


In order to determine the amount of S* excreted in the urine and feces 
after intraperitoneal or oral administration of relatively large amounts of 
labeled sodium sulfate, 50 mg. of sodium sulfate, containing S*, were given 
to one rat by stomach tube and to a second by intraperitoneal injection. 


These rats were allowed food and water at all times during the course of ' 


the experiment. The excretion of the radioactive sulfur in the urine and 
feces was followed for a period of 3 days. The data are summarized in 
Table I. An examination of Table I indicates that a major portion of the 
S® activity is excreted in the urine and feces in the first 24 hours. By the 
end of 72 hours it was found that elimination of the S* by these routes of 


excretion accounted for 85.6 per cent after oral administration and 79.2 ) 


per cent after intraperitoneal injection of the activity administered. 


1 The sodium sulfate, containing the S*, was recovered according to the diree- 
tions of Tarver and Schmidt (18) from the urines of rats given S* as sodium sulfide. 
The author is sincerely grateful to Dr. M. D. Kamen, Washington University, ‘t. 
Louis, Missouri, for a gift of irradiated carbon tetrachloride from which the labeled 
sodium sulfide was prepared. 
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These figures approach those previously reported for the excretion of S® 
after the intraperitoneal injection of only 1 mg. of labeled sodium sulfate 
(15). On the basis of these figures it was decided to proceed as follows in 
an attempt to demonstrate the possible use of exogenous sulfate in the syn- 
thesis of ethereal sulfates. 

Each of four rats was given 25 mg. of sodium sulfate, containing S*, 
by stomach tube and then placed in a separate metabolism cage. No 
food was allowed. The urine collected in the following 24 hours and the 
cage washings were combined. The activity of the S*® in the inorganic 
sulfate, total sulfate, and total sulfur fractions of each rat’s urine was 
determined. For the next 5 days the rats were allowed both food and 


TABLE I 


Excretion of S** in Urine and Feces of Adult Rats after Oral and Intraperitoneal 
Administration of Labeled Sodium Sulfate 


Each rat received 50 mg. of sodium sulfate, containing S* (1900 counts per min- 
ute). Rat S-0 received the sodium sulfate by stomach tube, Rat S-1 by intraperi- 
toneal injection. 











| | Rat $-0 | Rat S-1 
Day Total sulfur | ap ke ERATE? ae eee eey + : ati en 
| Counts per min. Counts | Counts per min. Counts 
lin 24 hr. specimen recovered lin 24 hr. specimen! recovered 
} per cent per cent 
1 Urinary | 1310 | 69.0 | 14% #&2| 75.0 
Fecal | 11 =6| 10.0" 3 | 1.2 
2 | Urinary | 44 | 2.3 | 26 1.4 
| Fecal 23 | 1.2 20 | 1.0 
3 | Urinary 46 2.4 8 0.4 
| Fecal 13 | 0.7 5 | 0.2 
Total 3 day excretion. .. .| 1627 | 85 79.2 


6 1508 





water. The urine samples were not collected. On the 7th day the rats 
were again placed in clean metabolism cages without food and the urine 
collected for the following 24 hours. The urinary sulfur was again frac- 
tioned. A similar procedure was followed after the rats received 25 mg. 


of the labeled sodium sulfate by intraperitoneal injection. The observa- 


, tions on these urine specimens are summarized for one rat in Table II. 


Table II shows also the effect of the simultaneous administration of 25 
mg. of phenol and labeled sodium sulfate on the activity of the S*® appearing 
in the ethereal sulfate sulfur fraction of the urine. 

From the data in Table IT it seems logical to conclude that exogenous 


| sulfate sulfur is utilized by the rat in the synthesis of ethereal sulfates. 


This conclusion is consistent with the observations of Baumann (1) and of 
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Hele (4, 5) on the dog and of Bernheim and Bernheim (10) on guineg pig | 


liver slices. It is in agreement with the conclusion reached by Laidlow and 


Young (17) in a note which appeared after this work was completed. T he | 


latter authors also used rats, to which sodium sulfate labeled with §* ang 
2-naphthylamine were administered. The ethereal sulfate of 2-amino-|. 
naphthol was isolated and shown to contain radioactive sulfur. 


TaBLe II 


Urinary Excretion of S* by Adult Rat in 24 Hours after Oral and Intraperitonea| 
Administration of Labeled Sodium Sulfate with and without Phenol 
25 mg. of sodium sulfate containing S** (2250 counts per minute) and 25 mg. of 
phenol were administered as indicated. The time interval between experiments js 
at least 6 days. The radioactivity measurements are corrected for decay and self. 
absorption. 


























- Chemical analyses Radioactive measurements 
x- 
= | Inor- Ethe-| In- Ethe- Remarks 
"No. gat | ARIc| sulfate Tota S| fet, |CrgANE| sulfate | Taal | real | 
| s | Ss S| S 
| counts | counts | counts | counts 
mg. | mg. mg. | mg. | mg. per | per | per | per 
| | | min. | min. | min. | min. | 
A | 4.4 | 9.4 | 10.0 | 12.9 | 0.6| 781 | 830 | 838 49 | NaSQ,, orally 
B/| 5.2/4.4] 4.9) 9.0/0.5]. 47| 47] 50! 0 | 7thday after Experi 
| | | | ment A 
C | 4.4| 8.9] 9.6 | 12.4 | 0.7 | 1150 | 1235 | 1220! 85 | Na,SO, intraperito- 
| | | | | | | neally 
D | 4.5/5.4} 6.0/| 9.2 | 0.6 48; 48] 5; O | 7th day after Experi- 
| | | ment C 
E | 4.4 | 6.0 | 10.3 | 12.2 | 4.3 | 946 | 1178 | 1196 | 232 Na2SO, and phenol 
| orally 
F | 5.5 | 9.5} 14.2 | 21.5 | 4.7 | 806 | 1227 | 1245 | 421 | Na2SO, intraperito- 
| | | | neally; phenol 
| | | | | | orally 
G | 4.2 | 4.5| 7.6] 9.9 | 3.1 | 635 936 940 | 301 | Na2SO, intraperito- 
| | | | neally in 4 doses, | 
| | hr. apart; phenol 
orally at beginning 











It was not possible to demonstrate, under the conditions of these exper- 
ments, that the synthesis of phenyl sulfate after oral administration of 
sodium sulfate and phenol was greater than the synthesis when sodium 
sulfate was given by intraperitoneal injection and the phenol orally. 


If one defines specific activity as counts per minute per mg. of §, it wil | 


be found on calculation from the data in Table II that the specific activity 
of the inorganic sulfate sulfur is in close agreement with the specific activ- 
ities of the total sulfate sulfur and ethereal sulfate sulfur fractions in 8 





Ta 
tha 
80, 
cite 
fou 
sul 
sul 
tha 
int 


ges 
pos 


int 
por 


| gar 


of t 
exis 
is f 


“3 > oa & Cf be 


— ome 
— => 


ee ee 
oor, WwW PO 


_ 
oe 


— 
go 


2a Dig 


W and 


The | 


% and 
ino-]- 


itoneal 


mg. of 
ents is 
id self- 


y 
Experi 


uperito- 
Experi- 
phenol 


aperito- 
phenol 


aperito- 
doses, | 
- phenol 
eginning 


expel'- 
tion of 
sodium 
y. 

, it will 
activity 
c activ- 
ns in & 


D. D. DZIEWIATKOWSKI 393 


number of the experiments. For example, in the case of Experiment A, 
Table II, the specific activity of the inorganic sulfate sulfur fraction is 82, 
that of the total sulfate sulfur and ethereal sulfate sulfur fractions 83 and 
30, respectively. An agreement similar to or approaching the one just 
cited was found in twelve out of the twenty-eight experiments done on the 
four rats. Such an agreement in the specific activities suggests that it is 
sulfate as such which is directly utilized in the in vivo synthesis of ethereal 
sulfates. This agreement in the specific activities may be an indication 
that, if sulfur from other sources than preexisting sulfate is used in the 
in vivo synthesis of ethereal sulfates, the sulfur is first converted to sulfate 
sulfur before it is conjugated with phenols. Hele (5) has made this sug- 
gestion and the work of Bernheim and Bernheim is also indicative of this 
possibility. 


SUMMARY 


Rats given sodium sulfate containing S*® incorporate some of the sulfur 
into the ethereal sulfate sulfur fraction of the urine. The amount incor- 
porated can be increased by the simultaneous administration of phenol. 

On the basis of the close agreement in the specific activities of the inor- 
ganic sulfate, total sulfate, and ethereal sulfate sulfur fractions in a number 
of the experiments it is suggested that, if sulfur from sources other than pre- 
existing sulfate is used in the in vivo synthesis of ethereal sulfates, the sulfur 
is first converted to sulfate before it is conjugated with phenols. 
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PARTITION CHROMATOGRAPHIC SEPARATION OF ADENINE 
AND GUANINE 


By PEHR EDMAN, EINAR HAMMARSTEN, BENGT LOW, 
AND PETER REICHARD 


(From the Biochemical Department, Karolinska Institutet, Stockholm, Sweden) 


(Received for publication, June 22, 1948) 


In the course of an investigation into the metabolic pathways of nucleo- 
tide purines by means of tracer elements, it became necessary to prepare 
from biological sources pure specimens of adenine and guanine in sufficient 
quantities for analyses in the mass spectrometer. In general, for prepar- 
ative purposes, use has been made of the insolubility of adenine and gua- 
nine under certain strictly specified conditions. For small quantities of pu- 
rines, however, these methods are unsatisfactory because of the difficulties 
in maintaining the specified conditions in small volumes. The employ- 
ment of the liquid-liquid distribution principle in the form of parti- 
tion chromatography seemed" more promising as a separatory procedure 
for small amounts of purine, especially since Vischer and Chargaff (1) 
have shown that it is possible to separate adenine and guanine on paper 
strip chromatograms in the system quinoline-collidine-water. After the 
conclusion of our work a paper by Tinker and Brown (2) was brought to 
our attention. They employed the system butanol-1 m phosphate buffer, 
pH 6.5, for the separation of the purines in the Craig apparatus. 

In our work partition chromatography on starch (8, 4) has effected the 
desired separation of adenine and guanine. 


Results 


For two reasons our choice of solvents has been restricted. In the first 
place we prefer not to have foreign nitrogen in the system. Secondly, it 
was desirable to follow the development of the chromatogram directly in 
the effluent. This could be conveniently done by taking advantage of the 
fact that the purines absorb strongly in the ultraviolet region and there- 
fore the absorption of the solvent should be negligible. In preliminary ex- 
periments, we first chose n-butanol as a solvent, but the purines proved to 
beinsufficiently soluble in this medium. The addition, however, of a small 
amount of the monomethyl ether of ethylene glycol to the butanol in- 
creased: the solubility of the purines, and this solvent mixture was found 
to serve as an excellent developing agent in the chromatography. 

In our first experiments the purines were put on the column as hydro- 
chlorides. At that time the separation was never complete, because the 
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zones displayed a tendency to spread and, furthermore, it was difficult to 
obtain quite reproducible results. Later sodium hydroxide was substituted 
for hydrochloric acid and this resulted in a considerable sharpening of the 
zones and an excellent reproducibility. 


EXPERIMENTAL 


The starch was prepared by extraction with methanol for 24 hours in q 
Soxhlet apparatus and drying in vacuo at 45°. The starch was then ex. 
posed to air and used directly in the columns. For the preparation of the 
column and the collection of the effluent a paper by Edman (5) should be 
consulted. 

Solvents—The n-butanol was freed from impurities giving light absorp. 
tion in the ultraviolet. This was done by refluxing the butanol with zinc 
dust and strong alkali for 2 hours and then distilling and redistilling in 
vacuo. Butanol (865 ml.) and water (135 ml.) were mixed. 

The methylene glycol (practical grade) was distilled twice in vacuo before 
use. 

To the 14 volumes of the butanol-water mixture was added 1 volume of 
methylene glycol. This solvent mixture was then used in the chroma- 
tography. 

Estimation of Adenine and Guanine in Effluent—This was done by meas- 
uring the ultraviolet absorption of the effluent in a Beckman spectropho- 
tometer in 1 cm. quartz cells at wave-lengths 262 and 248 my. The pure 
solvent served asa blank. The value of the quotient Hog2/ 243 differs widely 
for the two purines, being in the solvent mixture 1.50 for adenine and 0.70 
for guanine. This quotient offers a convenient way of identifying the 
purines. It should be mentioned that the values of these quotients varied 
somewhat from one run to another, owing mainly to a small variable 
amount of absorbing material released from the starch. For the purpose, 
however, of following the development of the chromatogram minor de- 
viations from the correct quotients can be neglected. Whenever a greater 
accuracy was called for, the organic solvent was evaporated and the ab- 
sorption of the purines measured in 1 nN HCl. 

Procedure—The extraction of the nucleotides from the cells and their 
fractionation into polydesose and polyribose nucleotides were carried out 
according to Hammarsten (6). The fractions of polyribose and of poly- 
desose nucleotides were hydrolyzed with sulfuric acid. 

The purines were precipitated as their silver compounds according to the 
procedure described by Kerr and Seraidarian (7). The silver compounds 
were carefully washed until the supernatant gave no reaction to sulfate 
ions. Silver nitrate was added during the washing procedure. The last 
traces of sulfate ions, which adhere very firmly to the silver precipitate, 
are removed by the further addition of 0.1 ml. of a 1 per cent solution of 
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barium nitrate to the silver nitrate solution used for washing. Excess 
barium is removed by continued washing with the silver nitrate solution. 
In order to remove silver nitrate the precipitate is finally washed once 
with absolute ethanol and twice with ether. 

Preparation of Solution of Mixed Purines—The silver compounds are 
decomposed with hydrochloric acid as described by Kerr and Seraidarian 
(7) and the hydrochloric acid removed through evaporation to dryness in 
vacuo three times. ‘The purines are taken up in 2 to 3 ml. of distilled water, 
transferred to a wide test-tube, and the solution evaporated to dryness on 
the boiling water bath in a stream of air. It is important that the purines 


Adenine 





Guanine 





0 100 150 ml 
Volume of effluent 


Fic. 1. Separation of adenine and guanine 


be deposited on the smallest possible area, because otherwise it is difficult 
to dissolve all the guanine. To the dry material are added 0.10 ml. of 1 N 
NaOH and 0.70 ml. of methylene glycol. The suspension is then heated 
very quickly over a free flame and 9.8 ml. of n-butanol-water mixture 
(87.2 ml. + 12.8 ml.) are added. The solution (10.6 ml.) is introduced 
into the starch column (35 mm. in diameter and 120 mm. long) and a 
chromatogram is developed. This procedure was used for the fractiona- 
tion of guanine and adenine in a study of the nitrogen turnover in cell 
nuclei and cytoplasm in rat liver (8). 

Model Experiment on Pure Guanine and Adenine—In Fig. 1 the course 
of a typical experiment is presented. In this run 2 mg. each of adenine 
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and guanine were dissolved in 3.56 ml. as described above (0.04 ml. of | 
N NaOH + 0.22 ml. of methylene glycol + 3.3 ml. of butanol-water mix. 
ture) and put on the column. The cuts of the effluent were made with g 
time interval of 1 hour. As can be seen, a complete separation of adenine 
and guanine was achieved by the passage of 120 ml. of solvent through the 
column, which in this case corresponds to 12 hours. The yield was about 
80 to 90 per cent for both adenine and guanine. 

Test of Purity—The nitrogen content is a rather unsatisfactory criterion, 
because these values are very close for adenine and guanine and even a 
large contamination of the one by the other will cause only a rather slight 
change in the nitrogen content of the preparation. Measurement of the 
light absorption was considered a more rigid test of purity because of the 
large differences in the absorption curves of adenine and guanine. The 
light absorption was measured at 262 and 248 my in 1 wn hydrochloric acid. 
The quotient H2g2/H24s for adenine is 1.38 and for guanine 0.69. The values 
of Ey. per microgram of N per ml. and Hy4s per microgram of N per mil., 
determined on adenine (£22) and guanine (Eas) isolated from polynucleo- 
tides of tissues, were found to be in good agreement with the determina- 
tions on pure adenine and guanine. 


SUMMARY 


A method is described for the complete and rapid separation of adenine 
and guanine by means of partition chromatography on starch. The 
method has been successfully adapted to a procedure for preparing pure 
specimens of adenine and guanine from comparatively small quantities of 
polynucleotides. 
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A SYNTHESIS OF ALANINE LABELED WITH HEAVY CARBON 
IN THE a POSITION 


By J. BADDILEY, G. EHRENSVARD, anp H. NILSSON 
(From the Wenner-Gren Institute, University of Stockholm, Stockholm, Sweden) 


(Received for publication, September 14, 1948) 


During a series of investigations on amino acid metabolism in Torulopsis 
yeast (1, 2) we required quantities of p- and L-alanine isotopically marked 
in position 2. The well known methods for obtaining alanine, e.g. from 
acetaldehyde by the Strecker method (3-5) or from acetic acid through 
acetyl cyanide and pyruvic acid (6), although theoretically capable of 
application in our case, were found to be unsuitable in view of the large 
number of steps involved and the low over-all yields. A new synthesis 
was, therefore, clearly indicated. For various reasons it seemed desirable 
to form the carboxyl group by an oxidation step at as late a stage as pos- 
sible in the synthesis. With this end in view several routes were explored 
which aimed at the preparation of compounds of the type R’—C*H(NH,)- 
CH; where R = 2-furyl- or polyhydroxyphenyl. Oxidation of such com- 
pounds after appropriate protection of the amino group should give 
alanine derivatives labeled in position 2. This method of introducing 
a carboxyl group into a molecule has been described by several workers 
(7, 8). 

In the furane series, considerable difficulty was encountered during the 
introduction of the isotopic carbon, originally in the form of Zn(CN)s, 
while, in the polyhydroxypheny] series, the extreme sensitivity to alkali 
proved objectionable. Consequently these routes were not pursued 
further. 

Attention was then directed to compounds of the type RCH=CH—C*- 
H(NH.)CH; where oxidation of the ethylenic linkage should give the de- 
sired result. A successful synthesis on these lines is shown in the accom- 
panying diagram. 

a-Cyano-8-phenylacrylic acid (I) was obtained in 82 per cent yield by 
treating sodium cyanide (containing excess C') with sodium chloroacetate, 
followed by condensation of the resulting cyanoacetate with benzaldehyde 
(9). Decarboxylation of (I) by heating with copper powder gave an 85 
per cent yield of cinnamic nitrile (II), which was hydrolyzed in 82 per cent 
yield to cinnamic acid (III) when heated with sodium hydroxide solution. 

The direct conversion of cinnamic acid nitrile to benzalacetone (IV) by 
the Grignard method gave very low yields (10). Similarily, rather low 
yields were obtained when cinnamoyl chloride was treated with methyl 
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Ph—CHO + CH:C!l + NaC*N — Ph—CH=C—C*N — Ph—CH=CH—C*n 
| 


COONa COOH 
(1) (II) 
—+ Ph-CH=CH—C*O00H ——> Ph—CH=CH—C*(0)—cH, — 
(II) (IV) 
—+ Ph—CH=CH—C*“(=NOH)CH, — Ph—CH=CH—C*H—CH, 


NHCOPh 
(V) (V1) 
— + HOOC—C*H—CH,; 


NHCOPh 
(VII) 


cadmium (cf. (11)) or cinnamic acid with methyl lithium (cf. (12)). How. 
ever, application of the method of Gilman and Van Ess (13) for converting 
acids to the corresponding alkyl ketones by the reaction of the lithium 
salts with alkyl lithium proved most successful in this case. From lithium 
cinnamate and 1 mole of methyl lithium, benzalacetone (IV) was obtained 
in a yield of more than 90 per cent and in a high state of purity, fractiona- 
tion being unnecessary. ‘The oxime (V) was prepared in the usual way. 
The benzoylated amine (VI) was produced by reduction with zine and 
benzoylation in a manner essentially similar to the method described for 
the preparation of the compound by Harries and de Osa (14). The yield 
on this two-stage process was 40 to 45 per cent. From (VI), benzoylalanine 
(VII) was obtained in 55 to 65 per cent yield by oxidation with calcium 
or barium permanganate. Resolution and hydrolysis according to the 
method of Pacsu and Mullen (15) gave pure p- and L-alanine, although our 
yields at this step were not as high as those claimed by the American 
workers. 

With variously substituted alkyl and aryl lithium derivatives, it should 
be possible to apply this method to the synthesis of a variety of amino 
acids. Also there are possibilities of oxidizing benzalacetone directly or 
indirectly to pyruvic acid labeled in the keto group. These subjects are 
under investigation at present. 


EXPERIMENTAL 


a-Cyano-B-phenylacrylic Acid (I)—This substance was obtained in 82 
to 85 per cent yield by the method of Lapworth and Baker (9). 
Cinnamic Nitrile (II)—Fiquet (16) obtained this nitrile in unstated 
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yield by heating (I) in vacuo. In our hands an 85 per cent yield of crude 
nitrile, containing a little water, was obtained when 100 gm. of (I) mixed 
with 20 gm. of copper powder were heated for about 10 minutes at 245° 
until carbon dioxide evolution had ceased; the residue distilled rapidly 
under reduced pressure. 

Cinnamic Acid (IIJ)—14 gm. of the crude nitrile (II) were refluxed 
with 115 ml. of 33 per cent NaOH solution and a little ethanol until evo- 
lution of ammonia had ceased. The solution was diluted with vater and 
acidified with sulfuric acid to pH 1. Cinnamic acid was filtered off, washed 
with water, and dried. Yield, 82 per cent; m.p. 133°. 

Benzalacetone (IV)—An etheral solution of methy] lithium was prepared 
according to the directions given by van Dorp and Arens (12) from lithium 
and methyl iodide in ether. Meanwhile, cinnamic acid (III) was dissolved 
in 1 mole of aqueous lithium hydroxide and evaporated to dryness. The 
dry salt was washed with ether and powdered before use. 

The filtered solution of methyl lithium (1.2 moles) was added gradually 
toa suspension of 1 mole of lithium cinnamate in ether. The total volume 
was approximately 4 liters. A stream of dry nitrogen was passed continu- 
ously. Heat was evolved at first but the reaction was completed by re- 
fluxing the mixture on a steam bath for 6 hours, by which time the solu- 
tion was quite clear. The solution was poured onto ice and the ether 
layer was separated, washed with water until the washings were neutral, 
and then dried over sodium sulfate. Evaporation of the ether left an oil 
which crystallized readily on cooling, being almost pure benzalacetone. 
Yield, 90 to 95 per cent; m.p. 40-42°. 

Benzalacetone Oxime (V)—An alcoholic solution of 1 mole of benzalace- 
tone was refluxed with a concentrated aqueous solution of 1.2 moles of 
hydroxylamine hydrochloride and 1.2 moles of sodium acetate for 4 hours, 
allowed to stand overnight at room temperature, and evaporated in vacuo 
toa small volume. Addition of water to the residue gave the crystalline 
oxime. This was filtered off and dried in air. Yield 97 per cent; m.p. 89°. 

1-Phenyl-3-benzamido-1-butene (VII)—40 gm. of oxime (VI) in 300 ml. 
of absolute ethanol and 300 ml. of acetic acid were reduced at 0° with 
100 gm. of zinc dust and the mixture was worked up by the method of 
Harries and de Osa (14). The free base, however, was not isolated but 
the steam distillate was benzoylated directly by the Schotten-Baumann 
method, giving a 40 to 45 per cent yield of (VI); m.p. 137° after recrystal- 
lization from alcohol. 

Benzoyl-pt-alanine (VII)—To 2.5 gm. of benzoyl derivative (VII) dis- 
solved in 20 ml. of pyridine were added, alternately and with stirring, 
) gm. of barium permanganate in 40 ml. of water and 5 gm. of barium 
hydroxide in 50 ml. of warm water. The temperature was kept at 40°. 
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Addition of permanganate was stopped when a faint pink color persisted 
in the solution. Manganese dioxide was filtered off, washed well with 
hot water, and the filtrate and washings were combined. The solution 
was warmed with a little methanol to destroy excess permanganate, carbon 
dioxide was passed until the solution had only a feeble alkaline reaction, 
and the solid was filtered off. The filtrate was evaporated to dryness in 
vacuo and the residue dissolved in 50 per cent alcohol. Barium was re- 
moved with 4 N sulfuric acid, with rhodizonic acid indicator, and the filtered 
solution evaporated to a small volume. Benzoic acid was removed by 
extraction with ether, and pure benzoyl-pt-alanine crystallized from the 
aqueous solution. Yield, 65 per cent; m.p. 163°, undepressed on admixture 
with an authentic specimen. 

When the procedure was carried out on a larger scale (120 gm.) with 
calcium permanganate, a 55 per cent yield was obtained. 

With aid of the synthesis outlined above we prepared from labeled so- 
dium cyanide 48 gm. of benzoyl-pt-alanine labeled with heavy carbon in 
position 2. | 


SUMMARY 


A synthesis of benzoyl-pL-alanine labeled with C' in the a position 
is described. 

Resolution and hydrolysis gave the corresponding pure pb- and L-ala- 
nines. . 
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AZLACTONES 


VI. THE ACID HALIDES OF p-TOLUENESULFONYL-, CARBOBENZOXY,-, 
AND BEN ZOYL-p-METHOXYPHEN YL-t-ALANINE* 
By HERBERT E,. CARTER anv J. W. HINMANT 
(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University 
of Illinois, Urbana) 
(Received for publication, November 18, 1948) 


The tendency of the acid chlorides of acylamino! acids to racemize 
under very mild conditions was pointed out by Karrer and dalla Vedova 
(1) in 1928. To explain this optical instability they assumed the ex- 
istence of the following enolization: 


OH Oo 
Vi 
R—CH—COOH R—C=C R—CH—C 
| os | \ 
NH = = Gos NH Cl 
| | 
COR COR COR 


The fact that the acid chlorides of carbobenzoxy (2) and p-toluenesulfonyl 
(3) derivatives of amino acids retain their optical activity under condi- 
tions leading to complete racemization of acylamino acid chlorides 
renders this hypothesis unlikely. If the above mechanism were opera- 
tive, only differences in the rate of racemization would be expected. 
A more satisfactory explanation of the optical instability of acylamino 
acid halides was provided by observations made in the study of the chem- 
istry of penicillin (4). In this program considerable evidence accumu- 
lated that acylamino acid halides do not have an independent existence 
but rearrange rapidly into the corresponding azlactone hydrohalides 
which racemize rapidly. The following facts support this view: (a) the 
salt-like solubility characteristics of the acylamino acid halides as com- 
pared with the covalent solubility properties of other acid halides, (b) 
the conversion of the alleged acylamino acid halides to the corresponding 
azlactone by simple dehydrohalogenation under anhydrous conditions 
or, in some cases, simply on standing in vacuo, (c) similarity of the ultra- 


* The material presented in this paper was taken from the thesis submitted to the 
Graduate College of the University of Illinois by J. W. Hinman in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy in Chemistry. 

t Present address, The Upjohn Company, Kalamazoo, Michigan. 

‘In this paper acy] is used as a general term including both aroy] and alkaroy]. 
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violet absorption spectra of certain acylamino acid halides and the cop. 
responding azlactones, (d) the extreme sensitivity of most acylamino 
acid halides toward water.2 The following equation illustrates the 
mechanism suggested for this apparently spontaneous conversion of 
acylamino acid halide to the corresponding azlactone hydrohalide (4) 


HN—CHR’ NH—CHR' *+NH——CHR’ 
— = —- 7 | 
R—C COOH R—C  CcOo—Cl R—C CO 
\ \ iad 
Oo 0 to) C- 


The importance of acyl-, carbobenzoxy-, and p-toluenesulfonamido 
acid halides in the synthesis of peptides prompted further study of this 
problem with particular reference to the optical stability of the three 
types of compounds. In the present investigation a comparison of the 
acid halides of carbobenzoxy-, p-toluenesulfonyl-, and benzoyl-p-methoxy- 
phenyl-t-alanine is made. By the use of diagnostic chemical reactions 
and physicochemical measurements, evidence is presented to show that 
the acid halides of the benzoyl derivative are actually 2-phenyl-4-p- 
methoxybenzyl-5-oxazolone hydrohalides, and that the other two de- 
rivatives give normal acid halides of the generally accepted structures. 


Benzoyl-p-methoxyphenyl-t-alanine Derivatives 


Derivatives of p-methoxyphenyl-L-alanine were chosen for this study 
because they are readily available from L-tyrosine and have reasonably 
high specific rotations and desirable ultraviolet absorption properties. 

When an ethereal solution of benzoyl-p-methoxyphenyl-L-alanine was 
treated with phosphorus tribromide under anhydrous conditions, a crystal- 
line, ether-insoluble salt was obtained in nearly quantitative yield. This 
material underwent reactions typical of both an acid bromide and an 
oxazolone hydrobromide. For example, treatment with water yielded 
benzoyl-p-methoxyphenyl-pt-alanine and treatment with aniline yielded 
benzoyl-p-methoxyphenyl-pt-alaninanilide. However, the reaction of 
the phosphorus tribromide product with diazomethane was differentiat- 
ing,? for instead of obtaining a diazoketone, as would be the case with a 
true acid bromide, pu-2-phenyl-4-p-methoxybenzyl-5-oxazolone was ob- 


2 The acid chlorides of carbobenzoxy- and p-toluenesulfonamido acids are not as 
reactive toward water ascommonly believed. Carbobenzoxyamido acid chlorides may 
be washed with water without deleterious results (5, 6) and the authors have observed 
that certain p-toluenesulfonamido acid chlorides persist virtually unchanged after 
many days in a damp atmosphere. 

* Karrer and Bussmann (7) reported that “‘hippuryl chloride’’ yielded 2-pheny!-5- 
oxazolone on treatment with diazomethane. 





to 
fre 


Ce 


cl 





cor- 
nino 
the 


1 of 


Cl 


mido 

this 
three 
the 
OXy- 
tions 

that 


» de- 


ures. 


itudy 
1ably 
es. 

was 
stal- 
This 
d an 
elded 
elded 
n of 
itiat- 
ith a 
3 ob- 


not as 
1g may 
served 
after 


nyl-5 


| 
| 
| 


H. E. CARTER AND J. W. HINMAN 405 


tained. These findings indicate that the reaction proceeded, as expected, 
to yield the hydrobromide of the azlactone which was converted to the 
free azlactone with diazomethane. 


‘NH——CH—CH;—€"__)—0CH, siti 
| | er 


C.Hs—C C=0O 
‘er Br- 


N—cH—CHr—€ OCH + CH,Br + N; 


CsHs—C C=0O 


However, the possibility exists that diazomethane may cause a ring 
closure rather than act as a simple dehydrohalogenation agent. The 
fact that toluenesulfon- and carbobenzoxyamido acid halides give diazo- 
ketones on treatment with diazomethane argues against such a possibility 
and even stronger evidence was provided by a comparison of the infra- 
red absorption spectra of benzoyl-p-methoxyphenylalanine, 2-phenyl- 
4-p-methoxybenzyl-5-oxazolone, and the phosphorus tribromide reaction 
product. Significant portions of the double bond region of these spectra 
are reproduced in Fig. 1. It will be noted that the absorption in the 
region 1500 to 1600 cm. characteristic of phenyl and p-substituted 
phenyl is practically the same in each of the three samples.‘ The intense 
p-substituted phenyl band at 1528 cm in the curve for benzoyl-p- 
methoxyphenyl-L-alanine is reenforced by the second amide band. The 
main amide band of this compound appears at 1644 cm. and the car- 
boxyl absorption at about 1720 em. In Curve II for 2-phenyl-4-p- 
methoxybenzyl-5-oxazolone, the band at 1655 cm." is attributable to 
the ring C—=N, the 1720 cm-— absorption to a trace of free carboxyl (im- 
purity), and the band at 1832 cm! to the C=O of the azlactone ring. 
The spectrum of the salt-like phosphorus tribromide reaction product 
(Curve III) is similar to that of the free azlactone except that the ring 
C=O band appears at 1875 cm-. A trace of free carboxyl absorption 
is again observable at 1720 cm-. This is not surprising, considering 
the ease with which these compounds are hydrolyzed. The striking 
shift of the carbonyl absorption and absence of acid bromide type ab- 
sorption in the 1820 cm. region in the spectrum of the salt-like product 
provide convincing evidence that this compound is not the simple acid 
bromide of benzoyl-p-methoxyphenylalanine. 


‘The differences in the intensity of absorption are due to variation in thickness of 
the samples. 











406 AZLACTONES. VI 


It seemed of interest to study the relative rates of azlactone formation 
and azlactone racemization. The first studies of this type were attempted 
by carrying out the reaction between phosphorus tribromide and benzoy). 
p-methoxyphenyl-L-alanine in alcohol-free chloroform. However, by 
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red spectrometer. 


use of this technique, it was not possible to follow optical activity, for 
during the first few hours of reaction time the solution was too turbid to 
obtain polarimeter readings, and by the time the solution cleared the 
material was completely racemized. 

It was then observed that, if the chloroform used as the solvent con- 
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tained a trace of ethanol, the solution remained clear during most of the 
reaction time, and the following changes in optical rotation were ob- 
served. Within a few minutes the rotation changed from a high positive 
value to a negative value, and then slowly rose to a value which, in some 
cases, approached the initial positive value (see “‘Experimental”’). From 
such a reaction mixture, benzoyl-p-methoxyphenyl-t-alanine ethyl ester 
was isolated in good yield. The rapid drop in observed rotation probably 
indicated very rapid azlactonization, the azlactone being levorotatory. 
The slow rise which followed this rapid decline in observed rotation must 
represent reaction of the optically active azlactone hydrobromide® with 
the ethanol present in the solution to form detrorotatory benzoyl-p- 
methoxyphenyl-L-alanine ethyl ester. Since the pure, optically active 
ester was isolated in nearly 70 per cent yield, the racemization reaction 
must proceed much more slowly than the reaction with ethanol. Es- 
sentially the same results were obtained when ether containing ethanol 
was used as the solvent. 

Since phosphorus pentachloride has often been used for the prepara- 
tion of the so called acylamino acid chlorides, a study was made of the 
reaction of benzoyl-p-methoxyphenyl-.-alanine with this halogenating 
agent. Surprisingly enough, when the reaction was carried out in ethe- 
real solution, racemization was achieved within a few minutes, but in 
contrast to the behavior with phosphorus tribromide the solution re- 
mained perfectly clear. Concentration of the ethereal solution caused 
the separation of a product very similar to the hydrobromide salt except 
for its greater solubility in ether. Both products were exceedingly hy- 
groscopic and lost halogen in vacuo. Unless great care was taken to 
protect the reaction mixture from even traces of moisture, the only pro- 
duct isolated was benzoyl-p-methoxyphenyl-pL-alanine. When the phos- 
phorus pentachloride product was isolated under anhydrous conditions 
and allowed to react with aniline in ethereal solution, benzoyl-p-methoxy- 
phenyl-pi-alaninanilide was obtained. Similarly, if the initial product 
was treated with ethereal diazomethane and the halogen-free reaction 
mixture treated with aniline, the pL-anilide was obtained. 


'The Squibb group (4) showed that dextrorotatory benzoyl-p-methoxyphenyl-t- 
alanine yielded on treatment with acetic anhydride the levorotatory azlactone. 
With acetic anhydride, approximately 2 hours were required for maximum rotation 
change, and after 24 hours the rotation was zero. 

*The possibility that ethanol reacted with the acid bromide rather than the 
azlactone hydrobromide cannot be ruled out on the basis of this experiment. How- 
ever, since a great deal of independent evidence indicates that an acylamino acid 
halide per se has an extremely short half life, it would be more reasonable to expect 
that this rather slow reaction took place between the relatively more stable azlactone 
hydrobromide and ethanol. 
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These findings indicate that the oxazolone salt was formed, but tha} 
it either dissociated in ether or had a greater solubility in ether thay 
the corresponding hydrobromide salt. A careful ultraviolet absorption 
analysis of the benzoyl-p-methoxyphenylalanine-phosphorus pentachloride 
reaction mixture provided further evidence for azlactone formation jy 
this reaction. In Fig. 2 the curves of the absorption spectra of pure 
benzoyl-p-methoxyphenyl-L-alanine, pure 2-phenyl-4-p-methoxybenzyl-). 
oxazolone, and the reaction mixture of benzoyl-p-methoxyphenyl-:. 
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Fic. 2. Ultraviolet absorption spectra. Curve 1, benzoyl-p-methoxyphenyl-t- 
alanine; Curve 2, 2-phenyl-4-p-methoxybenzyl-5-oxazolone; Curve 3, reaction 


mixture of benzoyl-p-methoxyphenyl-t-alanine plus 1 mole of PCls. Ether solu- 
tions. Beckman quartz spectrophotometer. 





alanine plus 1 mole of phosphorus pentachloride are reproduced. An 
analysis of the K values of the three curves indicates an azlactone content 
of 82 per cent in the reaction mixture. 

The amount of phosphorus pentachloride used in this reaction was an 
important factor. If less than 1 mole of the halogenating agent was 
used, racemization was incomplete, while addition of an excess (3 or 4 
moles) caused a further reaction which was evidenced by a change in the 
ultraviolet absorption spectrum. The absorption maximum at 2280 A 
remained practically unchanged and a new peak appeared at 2550 A 
with a minimum at 2425 A. On working up the reaction mixture, 4 
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yellow crystalline solid was obtained. However, the spectrum of this 
material was still different from that of the reaction mixture. These 
absorption spectra are shown in Fig. 3. 

The yellow crystalline solid was shown to be 2-phenyl-4-p-methoxy- 
benzal-5-oxazolone by comparison with an authentic sample (8). These 
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data seem best explained by the accompanying reactions. The oxazolone 
possesses an extremely active hydrogen atom which should be readily 
replaced by halogen. The unstable chlorine-containing intermediate 
may be responsible for the ultraviolet absorption spectrum of the re- 
action mixture, and would be expected to lose hydrogen chloride easily, 
yielding the unsaturated oxazolone. This method of dehydrogenating 
a saturated amino acid has certain advantages over that of Bergmann 
(9) and is being investigated further. 


Carbobenzoxy-p-methoxyphenyl-L-alanine Derivatives 


An attempt was made to convert carbobenzoxy-p-methoxyphenyl-.- 
alanine to its acid chloride by the action of phosphorus pentachloride 
in ethereal solution according to the procedure of Bovarnick and Clarke 
(10). With their procedure the only product obtained was the corre- 
sponding N-carboxy anhydride. However, by lowering the tempera- 
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true and shortening the reaction time the acid chloride was obtained ag 
a colorless crystalline solid, which readily eliminated benzylchloride 
giving the N-carboxy anhydride. 

The stability of carbobenzoxyamido acid chlorides seems to be affected 
by minor changes in the procedure for their preparation, since othe 
workers also have encountered difficulties in duplicating procedures 
described in the literature. In our experience carbobenzoxyamido acid 
chlorides should be prepared at low temperatures and used immediately, 
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Fic. 3. Curve 1, 2-phenyl-4-p-methoxybenzyl-5-oxazolone (ether solution); 
Curve 2, reaction mixture of benzoyl-p-methoxyphenyl-t-alanine plus 3 to 4 moles 
of PCI, (ether solution); Curve 3, the isolated product, 2-phenyl-4-p-methoxyben- 
zal-5-oxazolone (95 per cent ethanol solution). 





The acid chloride reacted with aniline to yield the optically active 
anilide, the properties of which were in good agreement with those re- 
ported by Bovarnick and Clarke (10). In the reaction with diazome- 
thane, carbobenzoxy-p-methoxyphenyl-L-alany] chloride yielded a yellow 
diazoketone which, in turn, was converted to the corresponding chloro- 
ketone by the action of anhydrous hydrogen chloride. These compounds 
were obtained as optically active crystalline solids. No abnormal reac- 
tions were encountered and the ultraviolet absorption spectra (Fig. 4) 
are in keeping with the structures assigned. 
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p- Toluenesulfonyl-p-methoxyphenyl-L-alanine Derivatives 


p-Toluenesulfonyl-p-methoxyphenyl-L-alanyl chloride was prepared 
from the acid and phosphorus pentachloride in excellent yield according 
to the procedure of Bovarnick and Clarke (10). The crystalline acid 
chloride reacted readily with methylaniline to yield the optically active 
methylanilide. Upon treatment with diazomethane the acid chloride 
yielded a crystalline diazoketone which was smoothly converted to the 
chloroketone by the action of hydrogen chloride gas. Optical activity 














. 
2000 2400 2800 3200 
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Fic. 4. Curve 1, Carbobenzoxy-p-methoxyphenyl-.-alanine; Curve 2, carbo- 
benzoxy-p-methoxyphenyl-.-alanyl chloromethane; Curve 3, carbobenzoxy-p- 
methoxyphenyl-u-alaninanilide. 95 per cent ethanol solutions. 





was retained throughout the series of reactions. p-Toluenesulfonyl-p- 
methoxyphenyl-L-alanine was also converted to the acid bromide by 
the action of phosphorus tribromide. Addition of ethereal diazomethane 
to an ethereal solution of the acid bromide yielded the corresponding 
optically active bromoketone without isolation of the intermediate diazo- 
ketone. The infra-red absorption of p-toluenesulfonyl-p-methoxypheny]- 
L-alanyl chloride was checked and found to contain the expected acid 
chloride band at about 1820 cm. It was of interest to note that this 
acid chloride was not especially sensitive to water, and it could be kept 
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for several months in a vacuum desiccator without appreciable de. 
terioration. 


EXPERIMENTAL 
Preparation of Derivative of p-Methoxyphenyl-L-alanine 


Benzoyl-p-methoxyphenyl-L-alanine—This compound was prepared ge. 
cording to the procedure of Stevens (11) by benzoylation of L-tyrosine 
and methylation of benzoyl-L-tyrosine with dimethylsulfate in alkaline 
solution. ‘The final product was recrystallized from hot water and bep- 
zene. The pure benzoyl-p-methoxyphenyl-L-alanine was obtained 4s 
fine colorless needles which melted at 135° (micro block).’ The specific 
rotation® was determined at several different concentrations and in several 
solvents: [a]? = —25.2° (2.525 per cent in 50 per cent acetic acid): 
[a]? = +123.7° (0.38 per cent in ether); [a]? = +124.8° (0.56 per cent 
in chloroform); +107.8° (1.011 per cent in chloroform). 


Cy7HizNO, (299.3). Calculated, N 4.68; found, N 4.83 


pL-2-Phenyl-4-p-methoxybenzyl-5-oxazolone — Benzoyl-p-methoxypheny|- 
L-alanine was azlactonized with acetic anhydride according to the method 
of Mohr and Stroscheim (12). After recrystallization from warm 
Skellysolve D (boiling range, 90-100°), the azlactone melted at 81-82°, 
Carter and Stevens (13) reported a melting point of 80—-82° (capillary). 
The ultraviolet absorption spectrum of this azlactone in ether solution 
is characterized by two peaks, 2292 A (e 18,000) and 2410 A (e 16,000), 


Cy;HisNO; (281.3). Calculated, N 4.98; found, N 4.97 


Benzoyl-p-methoxyphenyl-t-alanine Ethyl Ester—Benzoyl-p-methoxy- 
phenyl-L-alanine (504.1 mg., 1.72 mm) was dissolved in 50 ml. of mag- 
nesium-dried ethanol. The solution was cooled in an ice bath and a 
stream of hydrogen chloride gas was passed into the solution for 10 min- 
utes. The temperature was allowed to rise to room temperature, and 
after about 20 hours the solution was concentrated to dryness in vacuo. 
The residue was dissolved in chloroform and the solution extracted with 
6 per cent sodium bicarbonate solution. After washing the extract with 
water, and clarifying the solution by passing it through a pad of mag- 
nesium sulfate, the chloroform was evaporated. The oily residue soon 
crystallized and was recrystallized from ethanol-water. The slightly 


7 All melting points recorded here are uncorrected and were taken on a micro hot 
stage equipped with a low power microscope. 

8 All the optical rotation data reported were determined with the use of a | dm. 
all-glass polarimeter tube. Concentrations are expressed as gm. per 100 ml. of 
solution. 
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yellow crystals weighed 414.6 mg. and melted at 90-92°. This material 
was recrystallized twice from ethanol-water and the slight color removed 
by treatment with Darco G-60. The yield of pure white crystals melt- 
ing at 92-92.5° was 374.5 mg. (66.8 per cent). [a];’ = +103.3° (0.663 
per cent in chloroform). 


CisH2:NO, (327.4). Calculated, N 4.28; found, N 4.43 


Benzoyl-p-methoxyphenyl-pu-alanine Ethyl Ester—This ester was pre- 
pared from benzoyl-p-methoxyphenyl-pt-alanine by the same procedure 
as given above for the L isomer. After three recrystallizations from 
ethanol-water the racemic ester was obtained as fine colorless needles; 
mp. 90-90.5°. 

Carbobenzoxy-p-methoxyphenyl-L-alanine—This compound was prepared 
as described by Stevens (11). The colorless crystals melted at 111—112°. 
(al = +13.9° (1.514 per cent in 95 per cent ethanol). 


CisH,yNOs (329.3). Calculated, N 4.25; found, N 4.24 


Carbobenzoxy-p-methoxyphenyl-L-alanyl Chloride—(a) Under anhydrous 
conditions, a mixture of 4.5 gm. (0.0137 mole) of carbobenzoxy-p-methoxy- 
phenyl-L-alanine and 3.6 gm. (0.0173 mole) of phosphorus pentachloride 
in approximately 150 ml. of Grignard-dried ether was cooled to —5S’. 
The mixture was shaken from time to time and then returned to the 
cooling bath. After 2.5 hours, most of the solid had dissolved and the 
bath had warmed to about 10°. After 3 hours some crystalline material 
had settled from the solution. This material was filtered and proved 
to be the N-carboxy anhydride (0.86 gm.). While the solution was 
still cold, 150 ml. of Skellysolve C were added and the mixture concen- 
trated in vacuo. Within a few minutes a copious crystalline precipitate 
formed. This was collected, washed well with Skellysolve C, and dried 
in a vacuum desiccator. This material (1.71 gm.) was immediately 
soluble in ether and ethanol. The ethanol solution gave an immediate 
precipitate with aqueous silver nitrate. On the micro block, the color- 
less crystals became opaque at about 80°, but decomposed, like the N- 
carboxy anhydride, at 170-180° without giving a clear melt. The acid 
chloride could not be kept for more than a few hours at room tempera- 
ture before it passed to the N-carboxy anhydride. 

(b) In an attempt to repeat the preparation of Bovarnick and Clarke 
(10), only the N-carboxy anhydride was obtained. Carefully dried 
carbobenzoxy-p-methoxyphenyl-t-alanine (4.50 gm., 0.0137 mole) was 
dissolved in approximately 150 ml. of Grignard-dried ether. 3.6 gm. 
(0.0173 mole) of finely pulverized phosphorus pentachloride were added 
and the reaction mixture allowed to stand at room temperature for 4 
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hours with occasional shaking. At the end of this time the solution egp. 


tained some crystalline material. This was removed by filtration anq / 
the filtrate concentrated in vacuo. Four crops of crystalline solid wer 


collected as the solvent was removed by distillation to give a total yielj 
of 2.57 gm. (85 per cent). This material contained no halogen and de. 
composed at 170-180° on the micro block without giving a clear melt, 
For analysis the material was recrystallized from ethyl acetate. The 
dense colorless crystals obtained were insoluble in ether, but soluble in 
ethanol. 


CyHyNO,y. Calculated. C 59.72, H 5.02, N 6.32 
(221.2) Found. CULT, "B56, "Gils 


p- Toluenesulfonyl-p-methoxyphenyl-L-alanine—This material was pre. 
pared as described by Stevens (11). M.p. 139-141°; [a]?? = 294° 
(2.0 per cent in 50 per cent acetic acid). 


CizHigNO;S (349.4). Calculated, N 4.01; found, N 4.16 


p-Toluenesulfonyl-p-methoxyphenyl-L-alanyl Chloride—According to the 
procedure of Bovarnick and Clarke (10), a mixture of 5.50 gm. (0.0157 
mole) of p-toluenesulfonyl-p-methoxyphenyl-L-alanine and 3.6 gm. (0.0173 


mole) of phosphorus pentachloride in 200 ml. of Grignard-dried ether | 
was allowed to stand at room temperature for 4 hours. The solution | 


was filtered through a carefully dried, sintered glass funnel and concen- 
trated in vacuo. The colorless crystals which separated were collected 
in several crops, washed with redistilled Skellysolve B, and dried ina 
vacuum desiccator. The total yield of fine, rectangular plates melting 
at 93-94° was 5.56 gm. or 96.5 per cent. Bovarnick and Clarke (10) 
gave no physical constants for this compound. When analyzed as a 
Nujol mull, this material was found to have a typical acid chloride band 
at about 1820 cm. in the infra-red. [a]?° = +4.63° (1.156 per cent in 
chloroform). 


Cy;HisNO,S8Cl1 (367.8). Calculated, N 3.81; found, N 3.79 
Reactions of Benzoyl-p-methoxyphenyl--alanine with Phosphorus Halides 


pL-2-Phenyl-4-p-methoxybenzyl-5-oxazolone Hydrobromide—Benzoyl-p- 
methoxyphenyl-L-alanine (1.00 gm., 3.34 mm) was weighed into a stand- 
ard taper Erlenmeyer flask and dried for 1 to 2 hours in a vacuum ovel 
at 50°. 150 to 200 ml. of ether were distilled from a mixture of sodium 


dried ether and methylmagnesium iodide into the flask. The flask was } 


stoppered and shaken until all of the crystals dissolved. Phosphorus 
tribromide® (0.91 gm., 3.34 mm as 9.2 ml. of an ethereal solution contail- 


* For this work, Eastman’s white label phosphorus tribromide was distilled and 


stored in sealed ampuls. 
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ing 99.5 mg. of phosphorus tribromide per ml.) was added to the solution. 
Within a few minutes the solution became turbid and began to deposit a 
crystalline precipitate. After standing 2 to 3 hours the solid was col- 
lected in an atmosphere of dry nitrogen, washed thoroughly with Grig- 
nard-dried ether, and dried in a vacuum desiccator over phosphorus 
pentoxide to yield 1.20 gm. (99 per cent) of colorless, microcrystalline 
product, melting at 92-97°. On standing in the desiccator at room tem- 
perature the material gradually developed a yellow to tan color. On 
exposure to atmospheric moisture, it rapidly became sticky. 

Conversion to Benzoyl-p-methoxyphenyl-pi-alanine—250 mg. (0.71 mm) 
of the hydrobromide salt were added to 20 ml. of water at room tem- 
perature. The solid soon became gummy, but did not dissolve. The 
supernatant was decanted and fresh distilled water added. After stand- 
ing overnight, the water was again decanted and 95 per cent ethanol 
added. The sticky solid became friable and most of it dissolved. The 
solution was concentrated in a stream of nitrogen and a little water added. 
Several hours later the crystals were collected, washed with water, and 
dried. The yield of benzoyl-p-methoxyphenyl-pt-alanine melting at 
178-179° was 169.9 mg. (80 per cent). [a], = 0 (0.495 per cent 
in chloroform). 

Conversion to Benzoyl-p-methoxyphenyl-pi-alaninanilide—\ ml. of ani- 
line was added to a suspension of 250 mg. (0.71 mm) of pL-2-phenyl-4- 
p-methoxybenzyl-5-oxazolone hydrobromide in 35 ml. of dry ether. The 
mixture was shaken for a few minutes and then allowed to stand over- 
night at room temperature. The solid was collected, washed with dilute 
hydrochloric acid, water, sodium bicarbonate solution, and finally with 
water. After drying in the vacuum oven, the colorless crystals melted 
at 212-214° and weighed 190.8 mg. (72 per cent). The melting point 
was not depressed on admixture with an authentic sample of benzoyl- 
p-methoxyphenyl-pt-alaninanilide.” [a]> = 0 (0.319 per cent in 
chloroform). 


C23H22N203 (374.4). Calculated, N 7.48; found, N 7.27 


Reaction with Diazomethane—The hydrobromide salt (1 gm., 2.76 mm) 
was suspended in dry ether and treated with an excess of ethereal diazo- 
methane. After the vigorous evolution of nitrogen ceased, the solution 
was filtered free of a small amount of insoluble material and concen- 
trated to dryness in vacuo. The residue was dissolved in approximately 
40 ml. of warm Skellysolve D (boiling range, 90-100°); the solution was 
filtered, allowed to cool slowly to room temperature, and then cooled 


On the micro block these crystals appear as transparent elongated plates which 
become opaque at 170-180°, begin to sublime at about 200°, and finally melt at 214- 
215°. Some of the crystals change from plates to long fine needles just before melting. 
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in the refrigerator overnight. A small seed crystal was scratched into 
the oil which separated. On cooling at dry ice temperature for a fey 
hours, most of the oil crystallized, yielding 0.45 gm. (58 per cent) of dense. 
pale yellow crystals of the free azlactone. This material melted at 8- 
81° alone and at 80-82° when mixed with a sample of DL-2-phenyl-4-p. 
methoxybenzyl-5-oxazolone prepared by the acetic anhydride method. 
[a], = O in hexane solution. 

Racemization of Benzoyl-p-methoxyphenyl-L-alanine in Alcohol-Free 
Chloroform—Benzoyl]-p-methoxyphenyl-L-alanine (102.9 mg., 0.344 my 
(fa]?? = +105.4° (1.03 per cent in chloroform)) was weighed into a 1) 
ml. volumetric flask and dried in a vacuum oven at 50° for 2 hours. The 
crystals were dissolved in ethanol-free chloroform," 93 mg. (0.34 mm) 
of phosphorus tribromide added, and the solution made up to 10 ml. with 
ethanol-free chloroform. The solution became turbid immediately, s 
that the rotation changes could not be followed. After 15 hours the 
solution was yellow but clear. It was optically inactive. The solution 
was concentrated in vacuo to a gum which solidified on treatment with 
water. After recrystallization from ethanol-water, 86.8 mg. (84.5 per 
cent) of benzoyl-p-methoxyphenyl-pL-alanine of melting point 178- 
179° were obtained. 

Reaction of Benzoyl-p-methoryphenyl-L-alanine With 1 Mole of Phos- 
phorus Tribromide in Chloroform Containing Ethanol—By means of the 
same technique as employed in the previous experiment, 100.5 mg. (().336 
mM) of benzoyl-p-methoxyphenyl-L-alanine were allowed to react with 
93 mg. (0.34 mm) of phosphorus tribromide in 10 ml. of Merck’s reagent 
grade chloroform (about 0.7 per cent ethanol). The changes in the 
observed rotation are presented in Table I. 





After 54 hours, the solution was concentrated to dryness in vacuo and | 


a few drops of water added to the oily residue. When the gum had s0- 
lidified, it was collected and washed with sodium bicarbonate solution 
and water. The material was then recrystallized twice from ethanol- 
water, yielding 73.6 mg. (66.7 per cent) of beautiful colorless needles 
which melted at 92.5-93° alone and on admixture with benzoyl-p-me- 
thoxyphenyl-t-alanine ethyl ester. The ultraviolet absorption spectrum 
showed maxima at 2260 A (E}%,,. 685) and at 2740 A (E1%n. 70) witha 
shoulder at 2820 A (Ei%,. 50). [a]3? = +101.6° (0.662 per cent 
in chloroform). 


CisHeNO,. Calculated. C 69.70, H 6.47, N 4.28 
(327.4) Found. ** 69.78, “* 6.27, “* 4.24 





1 Reagent grade chloroform was shaken with concentrated sulfuric acid, washed 
with water, dried over calcium chloride, and fractionated from fresh calcium chloride | 


through a 30 cm. Berl Saddles column. 
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When absolute ether containing a little ethanol was used as a solvent 
in place of the reagent grade chloroform, the results were essentially the 
same. The optically active ester was obtained in approximately 70 
per cent yield. 

Reaction of Benzoyl-p-methoxyphenyl-t-alanine with 1 Mole of Phos- 
phorus Pentachloride in Ether—Benzoyl-p-methoxyphenyl-t-alanine (1 
gm., 3.34 mM) was dried for an hour in a vacuum oven at 50°. Grignard- 
dried ether (150 ml.) was distilled into the flask and 0.70 gm. (3.38 mm) 
of finely ground phosphorus pentachloride was added. The mixture 
was shaken until all the solids dissolved. After about 10 minutes a 
sample of the solution was found to have zero rotation. The reaction 
mixture remained perfectly clear. After 2.5 hours the solution was con- 
centrated 7n vacuo and white crystals began to form. Several crops of 


TABLE I 


Optical Rotation of Benzoyl-p-methoryphenyl-u-alanine Reaction with Phosphorus 
Tribromide in Chloroform 





Observed | Tine | Observed | 











Time rotation | fotation | Time | Observed rotation 
a ed eee  SELEOaaet =. SY PO : 

min. degrees | min. | degrees | min. degrees 

0 +1.0ca.| 35 | +40.37/ 70 | +0.59 

3 —0.02 | 37 | +0.39 75 | +0.61 

6 +0.04 | 40 | 40.41 80 | +0.61 (Solution turbid) 
1 | +0.09 | 45 | +0.45 | 85 | Too turbid to read 

1 | +015 | 50 | 40.49) des 

20 | +0.22 55 | +0.51) 6 | +0.62 (Solution turbid) 
% | +0.27 | 60 | +0.53) 25 | +0.96 

30 | | +0.56 | 54 | =+1.00 


+0.34 | 65 





this material were collected, washed with Skellysolve B, and dried in 
vacuo. The yield of hydrochloride salt was 0.93 gm. or 88 per cent. 
The material melted at 60-70°, then resolidified in rosettes which melted 
at 166-167°. The freshly prepared salt was soluble in ether and slightly 
soluble in water. Treatment of a dilute aqueous solution of this ma- 
terial with aqueous silver nitrate yielded a copious precipitate of silver 
chloride. However, after standing overnight the material was insoluble 
in ether and water, contained no halogen, and melted at 179-180° (after 
recrystallization from benzene). In the open air, the salt reacted with 
atmospheric moisture and was converted to benzoyl-p-methoxyphenyl- 
DL-alanine. 

A solution of 200 mg. (0.63 mm) of the freshly prepared salt dissolved 
in 20 ml. of dry ether was treated with 1.0 ml. of aniline. The solution 
became turbid immediately. After standing overnight, the solid was 
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collected and washed with water, dilute hydrochloric acid, sodium }j. 
carbonate solution, and finally with water. The slightly colored, crys. 
talline product weighed 140 mg. (59.4 per cent). After recrystallization 
from acetone-methylcyclohexane, the colorless rods became opaque at 
120-140°, started to sublime at 205°, and melted sharply at 215°. The 
product was thus identified as benzoyl-p-methoxyphenyl-pt-alaninanilide. 

For the ultraviolet absorption analysis, a reaction mixture containing 
100.2 mg. (0.335 mm) of benzoyl-p-methoxyphenyl]--alanine and 73 mg. 
(0.35 mm) of phosphorus pentachloride in 10 ml. of Grignard-dried ether 
was used. 15 minutes after the reaction was started, an aliquot was 
removed and diluted with Grignard-dried ether. The curve obtained 
was very similar to that of 2-phenyl-4-p-methoxybenzyl-5-oxazolone, 
Analysis of the K values indicated the presence of about 82 per cent of 
the azlactone in the reaction mixture. | 

Reaction of Benzoyl-p-methoxyphenyl-t-alanine with Excess of Phos- 
phorus Pentachloride in Ether—A reaction mixture prepared under 
anhydrous conditions and containing 50.0 mg. (0.167 mm) of benzoyl-p- 
methoxyphenyl-L-alanine and 75 mg. (0.38 mm) of phosphorus penta- 
chloride in 10 ml. of Grignard-dried ether was subjected to ultraviolet 
absorption analysis. 30 minutes after the reaction was initiated, the 
absorption curve showed maxima at 2280 A and at 2550 A. 

For the isolation of the product indicated by the absorption spectrum, 
300 mg. (1 mm) of benzoyl-p-methoxyphenyl-.L-alanine were dissolved 
in 60 ml. of Grignard-dried ether and treated with 0.8 gm. (about 4 my) 
of phosphorus pentachloride. After standing at room temperature for 
2.5 hours with occasional shaking, most of the phosphorus pentachloride 
dissolved and the yellow solution was taken to dryness in vacuo. The 
residue was taken up in fresh ether; the solution was extracted with satu- 
rated sodium bicarbonate solution and with water. After drying over 
magnesium sulfate, the ether was evaporated, leaving a quantitative 
yield of fine yellow crystals which were characterized as 2-phenyl-4-p- 
methoxybenzal-5-oxazolone. After recrystallization from ether or ethyl 








acetate the crystals melted at 158-159° alone and on admixture with an | 


authentic sample of the azlactone prepared from hippuric acid and anis- 


aldehyde (8). The ultraviolet absorption spectra (ethanol solution) | 


of the two samples were likewise identical, showing maxima at 2510 A 
(e about 16,000) and 2595 A (e about 17,000) and a broad shoulder at 
about 2800 A (¢€ about 11,000). 


CizHisNOs. Calculated. C 73.11, H 4.69, N 5.02 
(279.3) Found. ** 72.99, ‘* 4.86, ‘* 4.92 
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Reactions of Carbobenzoxy-p-methoryphenyl-t-alanyl Chloride 


With Aniline—Aniline (1 ml.) was added to a solution of 0.50 gm. 
(1.4 mm) of the acid chloride dissolved in 25 ml. of dry ether. After 
standing overnight the mixture was poured into cold dilute hydrochloric 
acid. The precipitate was collected and washed with sodium bicarbon- 
ate solution and with water. This material was combined with a small 
crop of crystals obtained by evaporation of the ether and recrystallized 
twice from acetone-water to give 0.33 gm. (58 per cent) of shiny white 
platelets. On the micro block the platelets changed to needles at 160- 
170° and melted sharply at 177-178°. [a]3? = —5.4° (0.62 per cent in 
chloroform); [a]2° = +16.4° (0.79 per cent in acetone). Bovarnick and 
Clarke (10) reported a melting point of 171-173° and [a]® = +22.3° in 
acetone (concentration not given). 


CoHaN20, (404.5). Calculated, N 6.95; found, N 6.83 


With Diazomethane—The acid chloride (1 gm., 2.88 mm) was dissolved 
in 20 ml. of dry ether. The solution was filtered free of a small amount 
of the N-carboxy anhydride and added slowly to a 4- or 5-fold excess of 
ethereal diazomethane. After a few minutes the solution was filtered 
and concentrated in vacuo until crystals began to form. A little methyl- 
cyclohexane was added and the mixture cooled in the refrigerator. After 
several hours the pale yellow crystals were collected and dried. The 
light color and melting point of 65-85° with gas evolution at about 90° 
indicated that this material was a mixture of the diazoketone and chloro- 
ketone. The material was then dissolved in ether and hydrogen chloride 
gas was passed into the solution until the yellow color was discharged. 
The ether was removed in vacuo and the residue recrystallized from ether- 
methyleyclohexane to yield 0.43 gm. (41 per cent based on acid chloride) 
of carbobenzoxy-p-methoxyphenyl-t-alanyl chloromethane melting at 
114-115°. [a]®° = —38.8° (0.722 per cent in chloroform). 


CisH2oNO,Cl (361.8). Calculated, N 3.87; found, N 3.96 


Reactions of p-Toluenesulfonyl-p-methoxyphenyl-t-alanyl Chloride 


With Methylaniline—To a solution of 1.0 gm. (2.72 mm) of p-toluene- 
sulfonyl-p-methoxyphenyl-L-alanyl chloride in 30 ml. of dry ether was 
added a solution of 5 ml. of freshly distilled methylaniline in 10 ml. of 
dry ether. After standing at room temperature for 48 hours, the mix- 
ture was poured into cold dilute hydrochloric acid, shaken, and the 
layers separated. The ether layer was washed with water, sodium bi- 
carbonate solution, and finally with water. The solution was dried over 
magnesium sulfate, then concentrated in vacuo until crystals separated. 








420 AZLACTONES. VI 


The flask was stoppered and allowed to stand overnight. During this 
time a mixture of clustered needles and very large dense plates separated, 
Skellysolve B was added; the crystals were collected and dried. The 
yield of crude product was 1.0 gm. Recrystallization from ether-Skelly- 
solve B gave 0.92 gm. (77 per cent) of the methylanilide melting at 120- 
121°. [a]?° = +18.9° (1.05 per cent in 95 per cent ethanol). Bovarnick 
and Clarke (10) reported a melting point of 120° and [a]? = +18.8° in 
95 per cent ethanol. 


CaHoeN20,8 (438.5). Calculated, N 6.39; found, N 6.14 


With Diazomethane—A solution of 870 mg. (2.36 mM) of p-toluene- 
sulfonyl-p-methoxyphenyl-.L-alanyl chloride in 25 ml. of ether was added 
slowly to a 5-fold excess of ethereal diazomethane. After standing about 
30 minutes, the solution was concentrated in vacuo until crystals of the 
diazoketone began to form. The solution was cooled in the refrigerator 
and a few drops of methyleyclohexane were added from time to time. 
After 3 days the bright yellow crystals of the diazoketone were collected 
and washed with a little dry ether. Yield 388 mg. (44 per cent). M.p. 
87-88° with evolution of nitrogen at slightly higher temperatures. 
[a] = —57.6° (1.05 per cent in ether). Further concentration of the 
mother liquor from the crystals yielded a yellow oil which appeared to be 
the sulfonamide N-methylated product. 

The crystalline diazoketone (100 mg., 0.268 mm) was dissolved in 12 
ml. of ether and treated with dry hydrogen chloride until the yellow 
color was discharged. The solution was allowed to evaporate until a 
few crystals formed, then methylcyclohexane was added and the solu- 
tion cooled in the refrigerator overnight. The yield of p-toluenesul- 
fonyl-p-methoxyphenyl-t-alanyl chloromethane (colorless _ platelets), 
after being washed with ether and dried, was 68.4 mg. (64.5 per cent). 
M.p. 111-112°. [a}2° = +29.4° (0.477 per cent in chloroform). 


CisH2oNO,SCl (381.9). Calculated, N 3.67; found, N 3.76 


p-Toluenesulfonyl-p-methoxyphenyl-L-alanyl Bromomethane—A mixture 
of 1.74 gm. (5 mm) of p-toluenesulfonyl-p-methoxypheny]-.-alanine 
and 1.4 gm. (5 mm) of phosphorus tribromide in 150 ml. of Grignard- 
dried ether was allowed to stand for 6 hours at room temperature. A 
slight excess of ethereal diazomethane was then added slowly to the 
reaction mixture. The amount of gummy solid which separated was 
filtered off and the solution cooled over night in the refrigerator. An 
additional amount of the gummy solid separated. This was removed 
and the solution was allowed to stand at room temperature for 24 hours. 
During this time colorless crystals began to separate. The solution 
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was then concentrated in vacuo, and the crystals collected. The yield 
was 1.76 gm. (82.5 per cent). For analysis a sample was recrystallized 
from ether. M.p. 91-92°. fa]? = +11.7° (0.817 per cent in chloroform). 


CisHaNOwBr (426.3). Calculated, N 3.29; found, N 3.23 


SUMMARY 


A study has been made of the reactions of benzoyl, carbobenzoxy, and 
p-toluenesulfonyl derivatives of p-methoxyphenyl-t-alanine with phos- 
phorus tribromide and phosphorus pentachloride. The evidence ob- 
tained shows clearly that benzoyl-p-methoxyphenyl-.L-alanyl chloride 
(or bromide) exists only momentarily, rearranging rapidly into the cor- 
responding salt of the azlactone and the latter racemizing rapidly. The 
carbobenzoxy and p-toluenesulfonyl derivatives give the normal acid 
halides with retention of optical configuration. 


The authors are indebted to Dr. Foil A. Miller and Mrs. Agatha R. 
Johnson, Division of Physical Chemistry, University of Illinois, Urbana, 
for their able handling of the infra-red spectroscopy reported in this 
paper, and to Mr. J. C. Brantley of the Division of Analytical Chemistry, 
University of Illinois, and Dr. George Pish of the research laboratories 
of The Upjohn Company for the ultraviolet spectroscopy. 
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INTERACTIONS OF ATABRINE, THIAMINE, AND 
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The observation that salts of the alkaline earth metals reverse the 
inhibitory effects of atabrine in the growth of Escherichia coli (1) sug- 
gested, as one possibility, that the inhibitor acts by forming complexes 
with metal-catalyzed enzyme systems. The effect of atabrine on yeast 
carboxylase was therefore investigated, but the results show no evidence 
for complex formation involving atabrine and this metallo-enzyme. In- 
stead, the investigation has disclosed that atabrine competitively inhibits 
the dephosphorylation of cocarboxylase by a yeast phosphatase and, 
further, that the drug inhibits the synthesis of thiamine by yeast cul- 
tures. 


Methods 


A batch of brewers’ yeast which had been washed extensively in water, 
then dried and stored at room temperature, was used as the source of 
carboxylase. Atiozymase was prepared daily from this lot of yeast by 
rapidly washing 1 gm. with six successive 45 ml. portions of 0.1 mM K,HPQ,. 
A final washing was carried out with 25 ml. of 0.067 m KH,PO,. The 
temperature of the wash solutions was maintained at 10°. 

Cocarboxylase concentrations were determined manometrically by the 
customary Warburg procedures. The components of the assay system 
and the order of the additions to the vessels were as follows: (1) Mnt+, 
4.4 X 10-* M; (2) standard cocarboxylase solution or sample; (3) thiamine, 
10“, or atabrine, 10-* m (see the text); (4) phosphate buffer, pH 6.1, 
2.7 X 10-? m; (5) atiozymase, 50 mg. in solution (4); (6) sodium pyruvate, 
2.7 X 10-? Mm; total volume 2.5 ml.; temperature 30°. The pyruvate was 
added after temperature equilibrium was attained and the CO, evolved 
was measured after 15 minutes. 

Thiamine concentrations were determined by a thiochrome procedure 
of Papageorge and Lamar (2). Thiamine was extracted from cell sus- 
pensions by boiling for 1 minute in 0.05 n HCl. 

Torula utilis, ATCC 9255, was grown in the mineral salts-glucose me- 
dium of Gray and Tatum (3). The inoculum employed was the growth 
from 10 ml. of 1 per cent Bacto-peptone incubated at 30° for 24 hours. 
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The cells were washed twice by centrifugation with saline and then added 
to 500 ml. of the mineral salts medium. 


Results 


The effect of the addition of atabrine to the carboxylase system was 
first investigated. Examination of Fig. 1 shows the dependence of the 
test system on the presence of cocarboxylase and manganese. In the 
absence of either of the two factors carboxylase activity was negligible. 
Under the conditions indicated about 0.8 X 10-8 mole of cocarboxylase 
and 1.1 X 10-* mole of Mn++ were required to saturate the system, 
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Fig. 1. Atabrine and carboxylase activity. Components of reaction mixture: 
100 mg. of alkaline-washed yeast; phosphate 2.7 X 10-2 m, pH 6.1; cocarboxylase 
8 X 10-7 m; Mn** 4.4 X 1074 Mm; sodium pyruvate 2.7 X 10-2 M; volume 2.5 ml.; tem- 
perature 30°. Curve A, system lacks Mn**; Curve B, system lacks cocarboxylase; 
Curve C, complete reaction mixture; Curve D, complete reaction mixture + 8 X 
10-* m atabrine. 


These points are brought out to indicate that almost complete dissocia- 
tion of the enzyme had occurred during the washing procedure and thus 
the drug would be given a favorable opportunity to interfere with the 
reconstitution of the carboxylase system. However, with the addition 
of atabrine (8 X 10‘ 4) the rate increased more than 2-fold (Fig. 1). 

This stimulation of carboxylase activity by atabrine was now in- 
vestigated. In the absence of added cocarboxylase, atabrine was without 
effect and it became apparent that the action of atabrine was similar to 
that of thiamine first reported by Ochoa (4). Westenbrink et al. (5) 
showed that the stimulatory effects of thiamine were due to the inhibition 
of a yeast phosphatase which dephosphorylates cocarboxylase. 
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The atiozymase preparation employed was a potent source of phos- 
phatase. This is indicated in Tables I and II, which illustrate the rate 
of disappearance of cocarboxylase and the rate of formation of free thi- 
amine from cocarboxylase by this atiozymase preparation. The initial 


TABLE I 
Destruction of Cocarborylase by Alkaline-Washed Yeast 





Residual cocarboxylase 








0 min. § min 10 min 15 min. | 20 min. 
| oS Ay eee eee ee 1.0 0.44 0.38 
B... 1.0 0.50 0.31 | 
Gs. 1.0 0.55 0.35 0.25 


0.18 





Values in 10-* mole; alkaline-washed yeast 100 mg.; phosphate 2.7 X 10-* m, pH 
6.1; volume 2.5 ml.; temperature, 24°. The reaction was stopped at the indicated 
time by bringing the sample to a rapid boil over an open flame and boiling 1 minute. 
The supernatant solution after centrifugation was diluted for analysis. 


Taste II 
Formation of Thiamine from Cocarborylase 





Thiamine 





0 min. 5 min. 10 min. | 15 min. | 
et. o | o.«9 | 1.01 
. ge pr 0 0.25 | 0.388 | 0.46 


pee ty | | 








Values in 10~§ mole; alkaline-washed yeast 100 mg.; initial cocarboxylase 10-* 
moles; phosphate 2.7 X 10-2 Mm, pH 6.1; volume 2.5 ml.; temperature, 24°. 


TaBe III 
Effect of Atabrine on Cocarboxylase Destruction 


| 





Dishdesd cocacbenylane, Atabrine concentration 





0 mole Se aan le a Se el ee 7 lei 
107 uw 10-* uw | 10-5 uw Om 
CEG ket einige Cake 0.35 0.15 0.07 0.07 
ee at 0.35 0.13 0.07 0.05 








Initial cocarboxylase, 0.4 X 10~* mole; time, 10 minutes; the other conditions are 
as in Table I. 


concentration of cocarboxylase was reduced by about 50 per cent in 5 
minutes. 

The effect of atabrine on the destruction of cocarboxylase by the washed 
yeast preparation is indicated in Table III. With atabrine at a concen- 
tration of 10-* mM, the inhibition of phosphatase activity is almost complete. 
A slight effect is evident at 10-° m under the test conditions employed. 
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A comparison of the effects of thiamine and atabrine on the activity 
of the carboxylase preparation is shown in Table IV. With the concen- 
tration of cocarboxylase employed, 4 X 10-7 M, maximum activity was 
obtained with thiamine at about 10~ m; with atabrine, at about 10-3 





TaBLe IV 
Comparison of Thiamine and Atabrine Effects on Carborylase Activity 
Concentration 
ox | 10-7 10+ | 10-5 a 10-*mu =| | 10 
Thiamine.........| 105 | 139 | 166 | 231 | 243 245 
Atabrine......... | | 105 | 


156 224 | 262 





Values in c.mm. of CO: per 15 minutes. Alkaline-washed yeast 50 mg.; phosphate 
2.7 X 10°? m, pH 6.1; Mn** 4.4 X 10-‘ m; Na pyruvate 2.7 X 10-?Mm; cocarboxylase 
4 X 10-7 m; volume 2.5 ml.; temperature, 30°. 
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Fig. 2. Velocity of yeast phosphatase action in presence of several concentra- 
tions of cocarboxylase and atabrine. Curves A, B, and C represent mixtures con- 
taining 0, 10-‘, and 5 X 10°‘ m atabrine. S represents molar cocarboxylase X 10°; 
V represents moles X 10~* cocarboxylase inactivated in 10 minutes. 


mM. Thus thiamine seems to be about 10 times more effective than at- 
abrine as an inhibitor of the phosphatase activity. 

The nature of the atabrine inhibition of phosphatase action appears to 
be that of competition. This is indicated by the data plotted in Fig. 2. 
The reciprocal of the reaction velocity is plotted against substrate concen- 
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tration in the presence and absence of atabrine. The progressive increase 
in slope with increase in concentration of atabrine, together with the 
apparent common intercept, indicates that the inhibition is competitive 
in nature (6). 

The antimalarial drug, chloraquine, is more potent than atabrine as 
an inhibitor of the yeast phosphatase which splits cocarboxylase (Table 
V). Its effect was evident at a concentration of 10-*m. The basic drugs, 
quinine, paludrine, and stilbamidine, had little or no effect. In a study 
of cholinesterase activity, Wright and Sabine (7) obtained somewhat 
similar results. They report that atabrine and chloraquine are far more 
effective than quinine or paludrine as inhibitors of cholinesterase. In 
examining Table V, it must be borne in mind that an inhibition of the 
cocarboxylase-cleaving mechanism is indicated by increased carboxylase 
activity. 








TABLE V 
Effect of Drugs on Carborylase Activity 
Concentration | Atabrine | Quinine Paludrine Chloraquine | Stilbamidine 
oo ee | = 
0 52 52 52 | 52 52 
10-8 4 52 54 93 57 
10-5 84 50 51 157 57 
wo | 17% CO 5 OC} 45198 45 
10°? | 237 69 | 50 237 62 








Values in c.mm. of CO: per 15 minutes. The test conditions are as in Table IV. 


Massart et al. (8) have shown that cations can prevent the combination 
of basic dyes with yeast cell enzymes. However, Ca**, which completely 
negates the action of atabrine in the growth of Escherichia coli (9), was 
without effect in reducing the toxicity of the drug for the yeast phospha- 
tase. These negative results were obtained with Ca** at a level of 6 X 
10 m and atabrine at concentrations of 10-* and 8 X 10 M. 

Yeast carboxylase itself is relatively insensitive to the action of the 
antimalarial. A 20 per cent reduction of the maximum activity was 
observed with atabrine at a concentration of 1.2 X 10-* a. 

The effect of atabrine on yeast growth activity with respect to crop 
yield and thiamine and cocarboxylase cell content was next examined. 
The yeast Torula utilis was employed in these studies. This organism 
grows well in a mineral salts-glucose medium and its growth is markedly 
stimulated by the addition of thiamine. An examination of freshly har- 
vested cells (18 hours old) grown without added thiamine showed that 
they contained less than 0.2 y of free thiamine per gm. (dry basis). Thus 
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the cellular thiamine is almost completely in the form of cocarboxylage 
(Table VI). 

The effects of atabrine are shown in Table VI. In the absence of 
added thiamine, increasing concentrations of atabrine progressively in- 
hibited the cell yield and, associated with this, a progressive decrease in 
cocarboxylase content occurred. In the presence of added thiamine, the 
crop yield was somewhat more than doubled and the cocarboxylase con- 
tent increased 8- to 10-fold. Again, progressive decreases in cell yield 
were observed with increasing atabrine concentrations. However, no de- 


TaBLe VI 
Effect of Atabrine on Cocarborylase Formation and Cell Yield 





5 X 10-* m thiamine 








| No thiamine | 
ER ee ee Oe rT ere | 0 | 0 
IRR a iecemaita | 0.19 | 0.45 
Cocarboxylase, y pergm...........| 35.1. | | 322 | 
MR oo oetsdlccwsnaaves | o | 5x 10-5 0 | 8x10 
EES ya errr | 0.20 | 0.20 | 0.43 | 0.45 
Cocarboxylase, y pergm........... | 45.0 42.5 | 339 346 
a ea ae Pee ee | Oo | 10-5 \. 2 10-5 
NE a a | 0.20 | 0.16 | 0.42] 0.35 
Cocarboxylase, y per gm.......... | 37 | 33.3 | 296 | 272 
IN 6 oo Sd ds wend ec lbaive’s | 0 2X 10-5 0 | 2x10 
ee nearer seer ee | 0.19 | 0.12 | 0.41] 0.33 
Cocarboxylase, y per gm...........; 47.0 31.6 | 358 351 
PM. és, SeseotlUbsnce ces a 2 sxe" ff 2X 10° 
| Ee ae ee ee 0.18 0.12 | 0.86; 0.19 
Cocarboxylase, y per gm........... | 39.7 27.0 | 329 359 
NS EE COT Pe | | | © | xm 
IS Case s entur ca nies pisos « | | 0.89} 0.15 
ees dd) ee eee 324 317 





The yields are expressed in terms of packed cell paste recovered on centrifugation 
from 500 ml. of mineral salts medium after 18 hours incubation at 30°. Cocar- 
boxylase concentrations are expressed in micrograms per gm. of dry cell weight. 


creases in cocarboxylase content occurred. Apparently atabrine inter- 
ference with thiamine metabolism in the growth of Torula utilis involves 
a step in the synthesis of thiamine and not the conversion of the latter to 
cocarboxylase. 


DISCUSSION 
Because (a) atabrine bears some structural relationship to riboflavin 
and (b) the drug can interfere with reactions involving flavin nucleotides, 


some support has been given to the concept that a flavin inhibitor an- 
tagonism exists which is specific for atabrine (10-13). However, there 
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are objections to accepting the flavin-atabrine antagonism as specific in 
nature. Hellerman et al. (14) have already pointed out some inconsist- 
encies. The data reported now dealing with atabrine and thiamine 
relationships indicate that the growth-inhibitory action of atabrine is not 
limited to interference of systems involving flavin derivatives. In this 
connection it may be noted that riboflavin was no more effective than 
thiamine or several other B vitamins in reversing the bacteriostatic action 
of atabrine in the growth of Escherichia coli (15). 

It seems unlikely that the inhibition of cocarboxylase dephosphoryla- 
tion observed in dried yeast preparations plays a réle in the inhibition of 
cell growth. One would expect that, if the inhibition of cocarboxylase 
cleavage were associated with inhibition of yeast growth, increases in 
cellular cocarboxylase would occur in cells whose growth was limited by 
the presence of atabrine. However, cells grown in the presence of atabrine 
have cocarboxylase concentration below or equal to that of normal cells. 

Hegsted et al. (16) have reported that atabrine exerts a thiamine-spar- 
ing action in the growth of rats fed a thiamine-deficient diet. A some- 
what similar picture is presented by the action of atabrine as it affects 
carboxylase activity in dried yeast. In this instance, however, atabrine 
exerts a ‘‘cocarboxylase sparing” action by inhibiting inactivation of the 
coenzyme. It may very well be that the sparing action of atabrine in 
the rat results from its interference with cellular mechanisms which nor- 
mally convert the enzymatically active form of thiamine, diphosphothi- 
amine, to inactive forms. 


SUMMARY 


1. Atabrine competitively inhibits the dephosphorylation of cocarboxy- 
lase by a dried yeast preparation. Chloraquine is a more effective 
inhibitor than atabrine, whereas quinine, paludrine, and stilbamidine are 
without effect. 

2. Atabrine inhibits the synthesis of thiamine by growing cells of Torula 
utilis. At concentrations causing growth inhibition the drug is without 
effect on the conversion of thiamine to diphosphothiamine. 

3. Thiamine in freshly harvested cells of Torula utilis is almost com- 
pletely in the form of cocarboxylase. 

4. It is concluded that the atabrine inhibition of cocarboxylase de- 
phosphorylation observed in dried yeast preparations does not have a 
réle in accounting for the growth-inhibitory effects of the drug. 
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It is well known that the high and characteristic absorption of nucleic 
acids in ultraviolet light is due to the absorption of their purine and pyrimi- 
dine components. Several workers have measured the absorption curves 
of the amino- and oxypurines (1-3) and Jordan has obtained similar data 
for adenosine and guanosine and for the corresponding nucleotides (3). In 
the latter instances substitution of the carbohydrate radical in position 9 
of the purine ring does not change the absorption appreciably, but, as shown 
by Gulland and coworkers (4), substitution in the 7 position of either 
adenine or guanine causes definite changes in the absorption spectra. 

Although the absorption curves of the free pyrimidines, uracil, cytosine, 
and thymine (2, 5, 6), and of thymine desoxyriboside (7) have been de- 
termined, similar data have not been published for the corresponding 
ribonucleosides, cytidine and uridine, or for the nucleotides, cytidylic 
acid and uridylic acid. With the growing interest in the metabolism of 
these compounds (8, 9), knowledge of their absorption characteristics 
would be useful for their determination in biological material. As it has 
been possible recently to prepare them in appreciable yield and of a high 
degree of purity (10, 11), we have accordingly measured their absorption 
in comparison with the free pyrimidines, cytosine and uracil. As all of 
these compounds may exist in different tautomeric forms, depending on 
the hydrogen ion concentration of the solvents employed, dilute acid and 
dilute alkali were used to provide conditions under which one or the other 


form would be present. For comparison 0.05 m phosphate buffer at pH 7.0 
was also used. 


EXPERIMENTAL 


Materials—Synthetic samples of cytosine and uracil (12) as well as a 
commercial sample of uracil (Eastman Kodak Company) were used. 
Both uracil samples were recrystallized several additional times from 
water and melted with decomposition at 329-333° (when placed in a melt- 

* Aided by a grant from the Rockefeller Foundation. 

t National Institute of Health Predoctorate Fellow, 1948. 
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ing point block at 315°). They were dried to constant weight in vacuo 
over phosphorus pentoxide at 100° before using. The sample of cytosine 
was recrystallized two additional times from water. It melted with de- 
composition at 315-318° and was used in the form of the monohydrate. 

Cytidine, uridine, cytidylic acid, and diammonium uridylate were pre- 
pared by methods developed in this laboratory (10, 11). The first three 
compounds were dried to constant weight in vacuo over phosphorus pent- 
oxide at 100°. The diammonium uridylate was used as the monohydrate 
(10). 

Solutions—Stock solutions of each compound were prepared containing 
approximately 0.1 mm in 100 ml. of distilled water. 10 ml. aliquots were 
diluted to 100 ml. with 0.05 m potassium phosphate buffer at pH 7.0 for 
measurements at this pH or with sufficient standard hydrochloric acid or 
sodium hydroxide to give solutions that were 0.01 Nn with respect to acid or 
alkali. 

Optical M ethods—All measurements were made on a model DU Beckman 
spectrophotometer with the ultraviolet light attachment. Standard cali- 
brated silica cells, 1 cm. wide with a light path of 1 em., were used through- 
out. Both the test solution and the appropriate blanks were pipetted into 
the cells. Extinction readings were usually made with the selector-switch 
in the 1.0 position, but where the density values were larger than 1.0, 
greater accuracy was obtained by using the selector-switch in the 0.1 
position. The wave-length scale was calibrated by using a mercury vapor 
lamp, the 253.6 and the 365.0 my bands being used. Density measure- 
ments on a standard potassium chromate solution (5.00 X 10~ Mo an- 
hydrous potassium chromate in 0.05 m potassium hydroxide) checked the 
values recorded in the literature (13). 


RESULTS AND DISCUSSION 


Uracil and Cytosine—The absorption curves of uracil and cytosine in 
the solvents mentioned above are shown in Figs. 1 and 2. The results 
with cytosine are in good agreement with the previously published data 
(6), even though slightly weaker alkali was used in the present experiments. 
Those with uracil show general agreement as to the wave-lengths at which 
maxima and minima have been found previously, but differ significantly 
in the value of the molecular extinction coefficient, Hy. Thus in acid or 
neutral solution the value for Ey may be observed to vary from about 8200 
found in the present experiments for both 0.01 N hydrochloric acid and 
phosphate buffer at pH 7.0 to 9500 found at pH 2.6 and 6.5 (5), and to 
11,000 found for a solution in a Kolthoff buffer at pH 3 (14). Whether 
the discrepancies are due to differences in the uracil samples, resulting 
possibly from their preparation under different light conditions (5), or to 


~~ — ar 





ng 


re 


an 
ili- 
nto 
tch 


0.1 
por 
\re- 
an- 
the 


> in 
ults 
lata 
nts. 
hich 
ntly 
d or 
3200 
and 
d to 
ther 
ting 
yr to 


J. M. PLOESER AND H. S. LORING 433 


the methods of measurement employed is not apparent, but the two 
preparations used in the present experiments gave identical results within 
experimental error in three duplicate experiments carried out on each 
sample. It should be pointed out that no unusual precautions were 
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Figs. 1 anp 2. Absorption curves of uracil (Fig. 1) and cytosine (Fig. 2). O, in 


0.01 N sodium hydroxide; @, in 0.05 m potassium phosphate buffer at pH 7.0; and e@, 
in 0.01 n hydrochloric acid. 
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Fic. 3. Absorption curves of uracil under different conditions of alkalinity. ©, 

in 0.05 m potassium phosphate buffer at pH 7.0; 0, in water at pH 9.0 to 9.5; @, in 

Kolthoff buffer at pH 11 (14); and A, in 0.001 Nn, and O, in 0.01 n sodium hydroxide. 





taken to avoid exposure of the crystalline samples to light other than to 
avoid direct contact with sunlight. 

It is of interest from the standpoint of the tautomeric equilibria con- 
cerned that both uracil and cytosine show absorption maxima near 280 
my in alkali. The absorption curves of uracil at pH 7.0 and in 0.01 N 
alkali are reproduced in Fig. 3 in comparison with the absorption data 
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found in 0.001 n alkali and with the previously published data for uracil 
at a pH estimated to be between 9.0 and 9.5 (5) and with data obtained 
in a Kolthoff buffer at pH 11 (14). The lack of agreement between our 
results in 0.001 n alkali at approximately the same pH as that of the 
Kolthoff buffer is evident. It seems likely that the increased absorption 
in the buffer solution is due to certain of the buffer constituents, which, 
however, were not given in the publication cited. It may be seen from a 
comparison of the other data that the value for the molecular extinction 
at 260 my observed in phosphate or in acid decreases as the solution is 
made alkaline and practically disappears in 0.01 N alkali concomitant with 
the appearance of the new maximum at 280 muy. As the pK value of 
uracil is 9.45, it is evident that the appearance of the second maximum is 
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Fics. 4 anp 5. Absorption curves of uridine (Fig. 4) and uridylic acid (Fig. 5). 
The symbols refer to the same solvents as in Fig. 1. 


correlated with salt formation and probably with the development of a 
more fully aromatic structure, as the hydrogen atom at position 1 or at 
position 3 is shifted to 6 or 2, respectively, under these conditions. 
Uridine and Uridylic Acid—The absorption curves of uridine and uridylic 
acid are presented in Figs. 4and5. A comparison of the graphs shows that 
the two compounds gave almost identical results over the wave-lengths 
studied. Substitution of the phosphate group in the 3’ position of the 
ribose side chain has no appreciable effect on the pyrimidine ring structure 
present in uridine itself. The absorption curves for uridine and uracil, 
however, are significantly different. In acid or in neutral solution the 
curves are similar in appearance, but the absorption maximum of uridine 
has a value of about 9800, as compared to about 8200 for uracil. In alkali, 
although the maximum with uridine is decreased to 7400, there is no 
corresponding shift towards the longer wave-lengths. A possible explana- 
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tion for the difference in the two cases is that substitution of the labile 
hydrogen atom in position 3 of uracil with the stable ribosidic linkage has 
eliminated the possibility of the fully aromatic pyrimidine ring which may 
be formed with either uracil or cytosine in the presence of alkali. 

A comparison of the absorption curves of uridine and of thymine des- 
oxyriboside (6) shows a striking similarity between the two under the same 
conditions. In acid or in alkaline solution nearly identical values for the 
molecular extinction coefficient are found for both compounds. The pres- 
ence of the methy] group in the 5 position of the pyrimidine ring in thymine 
desoxyriboside, however, results in a slight shift of the maximum and 
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Figs. 6 AND 7. Absorption curves of cytidine (Fig. 6) and cytidylic acid (Fig. 7). 
The symbols refer to the same solvents as in Fig. 1. 


0 





minimum towards the longer wave-lengths. While no similar proof of 
the location of desoxyribose at the 3 position of the pyrimidine ring in 
thymine desoxyriboside has been offered, as in the case of uridine, the 
similar absorption characteristics of the two compounds in acid and in 
alkali provide evidence that this is actually the case. Thymine in whicha 
hydrogen atom is present in the 3 position shows a similar shift in absorp- 
tion maximum to 290 my in alkali as that found for uracil (7). 

Cytidine and Cytidylic Acid—The absorption curves of cytidine! and 
cytidylic acid are shown in Figs. 6 and 7 and their absorption character- 


‘In recent publications (15) Hotchkiss and Reichard independently present 
absorption data for cytidine at various wave-lengths. The values given are similar 
but not identical to those calculated from the data found for the highly purified 
samples used in the present publication. 
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istics in comparison with uracil, cytosine, uridine, and uridylic acid are 
summarized in Table I. It may be seen that the curves for cytidine and 
cytidylic acid are identical within experimental error. In acid the same 
maximum was found at 280 my and the same minimum at 240 muy, and the 
value for the molar extinction coefficient was approximately 12,750 in each 
case. Curves of similar shapes that were characteristically different 
from those in acid were found in both phosphate and in alkali. Under 
these latter conditions, as with cytosine, the absorption maxima for both 
compounds were also shifted to 270 mu. Values of the molecular extine- 
tion coefficient at this wave-length were reduced to about 9000, but the 
differences between the results in phosphate and in alkali were not as 
pronounced as in the case of cytosine. At the same time the amount of 


TABLE I 
Absorption Characteristics of Cytosine, Uracil, Cytidine, Uridine, Cytidylic Acid, 
and Uridylic Acid 
Ey = molar extinction coefficient. 
























































Potassium Bran a Hydrochloric acid (0.01 n) 

Maxima Siihien Sissies Minima Maxima | Mies 

mp | Ey | me | Ey | mu | Ew | mu | Ex | mp Emu my | Ey 
Cytosine......... 266} 6,200} 249} 4860) 271) 5870) 249] 3550) 274) 10, 1) 238] 1170 
ff. a 259} 8,200) 228) 1750) 284) 6230] 242) 2220) 258) 8,130) 228) 1610 
Cytidine......... 270) 8,830} 250} 6360) 271} 8900) 250} 6410) 279} 12,750] 241) 1550 
Uridine. .........| 262] 9,820} 230} 1960} 261) 7400) 242) 5560) 262) 9,930) 230) 2060 
Cytidylic acid. ...| 270} 8,970} 250} 6680} 272) 8880) 250} 6780) 278) 12,720) 240) 1870 
Uridylic acid..... 262/10,040| 230) 1950) 261) 7290) 242) 5370} 262) 9,890) 230) 1950 


absorption at 230 my was greatly increased, the curves showing a definite 
shoulder or plateau at this point in contrast to those for cytosine under the 
same conditions. The curves for cytidine and for cytidylic acid in alkali 
and in phosphate could scarcely be distinguished from each other. Be- 
cause of the high absorption of cytidine and cytidylic acid at 270 to 280 
my, it is evident that either compound may be confused with the aromatic 
amino acids, tyrosine and tryptophan, which also absorb strongly at these 
wave-lengths ((13) p. 185). 

Of the three solvents employed, the largest differences in absorption 
between the amino and oxy compounds occurred when phosphate buffer at 
pH 7 was used. As the use of such a buffer provides more reproducible 
conditions than the use of distilled water, it would appear to be more 
suitable for characterization of the individual compounds. It is also 
apparent, however, that with uridine and uridylic acid the position of 
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the absorption maximum remains the same, regardless of the solvent used, 
while in all the other cases significant shifts occur as either acid or alkali 
is used, and that absorption measurements in both of these solvents can 
be of value in the identification of the individual pyrimidine derivative. 


SUMMARY 


The absorption spectra of uridine and cytidine in comparison with the 
corresponding free pyrimidine bases, uracil and cytosine, and with the 
corresponding nucleotides, uridylic acid and cytidylic acid, have been 
determined in phosphate buffer at pH 7.0, in 0.01 N hydrochloric acid, and 
in 0.01 n sodium hydroxide. 

The absorption curves of uridine closely resemble those for uridylic 
acid and are different in several respects from those for uracil or for cytidine 
or cytidylic acid under similar conditions. The last two compounds men- 
tioned show very nearly the same absorption characteristics, which are 
also different from the free base, cytosine. Phosphate buffer at pH 7.0 
isa more suitable solvent for the characterization of either the free pyrimi- 
dines or the nucleosides or nucleotides. 

The close similarities between the absorption curves of uridine and 
thymine desoxyriboside in acid and in alkali are offered as evidence that 


the desoxyribose group in thymine desoxyriboside is substituted in the 3 
position of thymine. 
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Although acid hydrolysis of yeast ribonucleic acid has been used as a 
standard procedure for the preparation of the pyrimidine ribonucleotides 
((1), (2) p. 221), it has not been used extensively for obtaining the cor- 
responding nucleosides. Under extremely vigorous conditions (2 hours at 
175° in 25 per cent sulfuric acid) the free pyrimidines, uracil and cytosine, 
have been the products isolated (3). That it is possible to prepare cytidine 
after hydrolysis of cytidylic acid or nucleic acid with 10 per cent sulfuric 
acid at 130° in a sealed tube was shown by Levene (4) and by Loring and 
Pierce (5) in experiments in which either cytidine was the only product 
isolated or the yield of cytosine was relatively small. Of the two com- 
monly accepted procedures for the preparation of the pyrimidine nucleo- 
sides, ammoniacal hydrolysis under pressure ((6) p. 112) or refluxing with 
pyridine (7), the former is difficult to carry out on a preparative scale in 
many biochemical laboratories because of a lack of suitable high pressure 
equipment. The second procedure requires a relatively expensive reagent 
and in our laboratory has given low yields of cytidine (5).!. In an attempt 
to improve the method for the preparation of these compounds, experi- 
ments were conducted to determine the usefulness of acid hydrolysis under 
reflux conditions as a method of obtaining cytidine and uridine. 

As inorganic phosphate is slowly liberated from the pyrimidine nucleo- 
tides during acid hydrolysis ((6) p. 44), it is evident that the success of 
the method for the preparation of the nucleosides depends on the relative 
rates both of liberation of inorganic phosphate and of destruction of 
pyrimidine nucleosides under these conditions. The stability of cytidine 
and uridine to acid hydrolysis was determined by assaying solutions of 
known concentration for pyrimidine nucleoside activity with the pyrimi- 
dine-deficient Neurospora mutant 1298 after refluxing in solutions of dif- 
ferent normalities for different lengths of time. The results showed that 


* Aided by a grant from the Rockefeller Foundation, 

t National Institute of Health Predoctorate Fellow, 1948. 

' Harris and Thomas (8) have isolated uridine in a yield of 12 per cent after pyri- 
dine hydrolysis of yeast nucleic acid. 
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pyrimidine nucleoside activity was not significantly affected after boiling 
for 24 to 48 hours in solutions that were 1 N or less with respect to acid 
but that refluxing with 6 N acid caused appreciable loss of] activity after 24 
hours. Experiments on the liberation of inorganic phosphate from ey. 
tidylic acid and from yeast nucleic acid in boiling 0.4 N sulfuric acid showed 
that approximately 48 hours were required for the complete hydrolysis to 
the nucleoside stage. Application of the cytidine-uridine fractionation 
procedure (9) to a solution of cytidine that had been refluxed in 0.4 y 
sulfuric acid for 48 hours provided evidence that cytidine was converted 
to uridine under these conditions, and this result was confirmed by spee- 
trophotometric analysis of the hydrolysate, by estimation of the ammonia 
formed, and by isolation of crystalline uridine. 

On the basis of the above-mentioned results, it has been possible to 
devise a relatively simple method for the preparation of uridine from 
yeast nucleic acid. The nucleic acid is first subjected to acid hydrolysis 
in 0.4 wn sulfuric acid for 2 hours and the liberated adenine and guanine 
removed by silver precipitation. After removal of excess silver, the filtrate 
containing the pyrimidine nucleotides is refluxed for an additional 46 
hours, and the remaining cytidine and other basic substances are removed 
with phospho-12-tungstic acid. The excess phospho-12-tungstic acid and 
phosphate ions are removed by the addition of barium hydroxide to pH 8. 
Traces of inorganic and organic ions are removed by successive treatments 
with Duolite C-3 and A-2 and the resulting filtrate after evaporation toa 
syrup crystallized by the addition of alcohol. Yields of 12 to 13 per cent 
uridine based on the original nucleic acid have been obtained. 

After a shorter period of acid hydrolysis of yeast nucleic acid, it was 
also possible to isolate cytidine nitrate in a yield of 3.1 per cent. This 
latter procedure, however, does not appear to be as advantageous for the 
preparation of cytidine as that given by Bredereck et al. (7). A simple 
and convenient method for the preparation of free cytidine from cytidine 
nitrate by the use of Duolite A-2, however, has been developed. The 
details of the several experiments mentioned above are presented in this 
paper. 


EXPERIMENTAL 


Stability of Pyrimidine Nucleosides As Compared to Rates of Liberation 
of Inorganic Phosphate from Cytidylic Acid and from Yeast Nucleic Acid— 
The stability of cytidine to acid hydrolysis was determined by refluxing 
solutions containing 0.4 mg. of cytidine per ml. in 0.1, 0.2, 1, and 5.5 N 
sulfuric acid and in 1 and 6 N hydrochloric acid for 24 and 48 hours. The 
solutions were diluted to a measured volume and assayed for pyrimidine 
nucleoside activity with the Neurospora mutant 1298 (9). The stability 
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of uridine was determined similarly after refluxing 20 mg. in 50 ml. of 0.2 
wand 0.4 N sulfuric acid for 48 hours. The rate of liberation of inorganic 
phosphate from the pyrimidine nucleotides has been determined pre- 
viously ((6) p. 44; (2) p. 211). In the present experiments solutions 
containing 25 mg. of cytidylic acid in 50 ml. of 0.1 N and of 0.5 N hydro- 
chloric acid were used. Aliquots were removed at the end of 24 and 48 
hours, assayed for pyrimidine nucleoside activity, and analyzed for inor- 


TABLE I 
Stability of Pyrimidine Nucleoside Activity to Acid Hydrolysis, As Compared to 


Rate of Liberation of Inorganic Phosphate from Cytidylic Acid and from 
Yeast Nucleic Acid 





Per cent original cytidine- Per cent inorganic phosphate 
Experiment uridine recovered after* iberated after 
24 hrs. 48 hrs. 24 brs. 48 hrs. 

Cytidine 

0.1 N sulfuric acid 100 

on = = 105 

1 es * 94 105 

6.6 * i ee 81 | 84 

1.0 “‘ hydrochloric acid 109 

0 * os ~ 50 
Uridine 

0.2 n sulfuric acid 95 

0.4 * . a 100 
Cytidylic acid 

0.1 nN hydrochloric acid 75 106 68 94 

0.5 “ i. * 85 90 100 
Yeast nucleic acid | 

0.4 N sulfuric acid 29 31 94 100 





* In the case of cytidylic acid and yeast nucleic acid the amount of mold growth 
was calculated as pyrimidine nucleoside (9). The cytidine-uridine value in the case 
of yeast nucleic acid is given as the percentage found in the original sample. The 
48 hour value expressed as moles of pyrimidine nucleoside per mole of phosphorus 
was 0.465. 


ganic phosphate by the method of King (10). A similar experiment was 
also performed with yeast nucleic acid in 0.4 N sulfuric acid. Solutions 
containing 100 mg. in 50 ml. of acid were refluxed for 24, 48, and 72 hours 
and analyzed for inorganic phosphate and pyrimidine nucleoside activity. 

The results expressed as per cent recoveries of pyrimidine nucleoside and 
as the per cent of the original cytidylic acid or nucleic acid phosphate 
hydrolyzed are summarized in Table I. It may be seen that cytidine 
and uridine activity for the mold was not affected when either cytidine or 
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uridine was refluxed for 24 or 48 hours in concentrations of acid that were 
1 nN or less. Some loss of pyrimidine nucleoside activity took place in 5.5 
N sulfuric acid after 24 hours, and in 6 N hydrochloric acid after the same 
length of time, the amount corresponded to 50 per cent of the cytidine 
originally present. Cytidylic acid was not completely hydrolyzed to cyti- 
dine or uridine and inorganic phosphate after 24 hours in either 0.1 N or 0.5 
N hydrochloric acid. After 48 hours, however, hydrolysis was either 
complete or practically so for the two acid concentrations as measured 
by both inorganic phosphate formed and pyrimidine nucleoside activity 
recovered. 

The results with yeast nucleic acid were comparable to those with cyti- 
dylic acid. A value of 94 per cent of the original nucleic acid phosphorus 
was present as inorganic phosphate after 24 hours, as compared to 100 per 
cent after 48 hours. The molar pyrimidine nucleoside to phosphorus 
ratio reached a maximum of 0.465 after 48 hours and decreased to a value 
of 0.45 after an additional 24 hours of refluxing. The difference between 
these values, while possibly of questionable significance in terms of the 
precision of the assay procedure, showed a slight destruction of pyrimidine 
nucleosides after the 72 hour period of heating. 

Conversion of Cytidine to Uridine—Proof that cytidine was largely con- 
verted to uridine during a 48 hour hydrolysis with 0.4 N sulfuric acid was 
provided in four ways; namely, (a) by assaying portions of the hydrolysis 
mixture for uridine after phospho-12-tungstic acid precipitation, (b) by 
spectrophotometric analysis for cytidine and uridine during the hydrolysis, 
(c) by estimation of the ammonia formed, and (d) by isolation of crystal- 
line uridine from the hydrolysis mixture. 

Assay of Hydrolysis Mixture for Uridine—A solution containing 100 mg. 
of cytidine sulfate in 10 ml. of 0.4 N sulfuric acid was refluxed over a pe- 
riod of 48 hours. A 1 ml. aliquot was removed for the zero time control and 
successive 1 ml. aliquots were removed at the end of 1, 2, 4, 8, 16, 32, and 
48 hours. The samples were diluted to 2 ml., 1 ml. of this solution was 
diluted to 10 ml., and three 1 ml. aliquots were used for assay of total py- 
rimidine nucleosides with the Neurospora mutant 1298. The remaining | 
ml. of the original diluted 1:2 was transferred to a 15 ml. centrifuge tube 
and diluted to about 5 ml. with water. 3 drops of concentrated hydro- 
chloric acid were added, the solution heated in a boiling water bath, 0.9 
ml. of phosphotungstic acid solution (400 mg. per ml. in n hydrochloric 
acid) added, and the tubes placed in an ice bath in the refrigerator over- 
night. Another 0.1 ml. of phosphotungstic acid was added to insure an 
excess and the tubes again set in the refrigerator overnight. The precipi- 
tate was centrifuged and the supernatant decanted; the precipitate was 
washed with 1 ml. of cold nN hydrochloric acid, and the washings added to 
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the supernatant. 1 ml. of ammonium chloride solution was added to the 
combined solutions, which had been heated in a water bath, and the sus- 
pension allowed to stand in the cold overnight. The precipitate was cen- 
trifuged and washed with 1 ml. of n hydrochloric acid; the combined 
supernatants were diluted to 25 ml., and 2 ml. samples in triplicate were 
used for uridine assay with the mold. 

The average mycelium weights and the corresponding values for total 
pyrimidine nucleosides and for uridine, determined from the growth curve 
(9) and expressed as concentration in the original hydrolysis mixture, are 


Taste II 


Conversion of Cytidine to Uridine As Determined by Uridine Aseay Procedure 
with Neurospora Mutant 1298 





Total pyrimidine nucleoside | Uridine | 











Time Dry weight Concentration | Dry weight | Concentration® | sig = 
mycelium | in — solu- mycelium | in — solu- | 
hrs. mg. mg. per ml | mg. | omg. per mi. | 
0 21.6 7.6 0.7 | 0.20 
1 21.5 7.6 2.3 +0.04 | 0.53 
2 / 2h 7.4 i | 0.02 | 0.27 
4 | 08 | 7.2 2.9 | 0.30 | 4.16 
: | £4 4.6 | 0.80 | 10.4 
16 ) do | 7.4 8.2 | 2.30 | 31.1 
32t 22.3 | 7.8 12.4 | 4.30 | 55.2 
st | 24 | 86 | 163 | 5.80 | 67.5 





* Corrected for the small amount of cytidine present due to the slight solubility 
of cytidine phosphotungstate (9). 

t The relatively high values for total pyrimidine nucleoside found after 32 and 
48 hours are probably explained by concentration of the solution during refluxing. 
The per cent deamination in all cases is calculated on the basis of the total pyrimi- 
dine nucleoside found before treatment with phosphotungstic acid. 


recorded in Table II. Although the uridine results after the shorter pe- 
riods of hydrolysis cannot be considered very accurate because of the small 
amounts of mycelium obtained, it may be seen that after 48 hours approxi- 
mately 70 per cent of the cytidine had been converted to uridine, as de- 
termined by this method. 

Spectrophotometric Analysis of Hydrolysis Mizxture—The absorption 
curves of cytidine and uridine in phosphate buffer at pH 7.0 over the wave- 
lengths from 220 to 300 mu are given in Fig.1 (11). It is evident that the 
absorption maxima for the two nucleosides are sufficiently different to dis- 
tinguish between the two in pure solutions and that relatively large changes 
in molecular extinction occur, particularly at 230 and 260 my, as cytidineis 


“ 
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converted to uridine. In a solution in which both compounds are present, 
the total absorption at a particular wave-length or, as can be determined 
in the Beckman spectrophotometer, the optical density, D, is the sum of the 
densities due to cytidine and to uridine. If the molecular extinction 
coefficients are known for each compound at two wave-lengths and the 
optical density is determined, simultaneous equations can be written from 
the Beer-Lambert law in which the concentrations of cytidine and uri- 
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Fic. 1. Absorption curves of cytidine, @, and uridine, O, in 0.05 m potassium 
phosphate buffer at pH 7.0. 


dine are expressed as a function of the molecular extinction coefficients and 
the optical densities at the respective wave-lengths, as follows: 


Cu.Eur + CoE od, = Dy, 
and 
Cy. Furs + Co, Fors = Dy. ’ 


where C,, and C,. are the respective concentrations of uridine and cyti- 
dine expressed as mole per liter, Zua,, Hea,, Eua,, and E,, are the re- 
spective molecular extinction coefficients of uridine and cytidine at \, and 
Az, and D,, and Dy, are the optical densities at the two wave-lengths. 
Solution of the two equations for Cy. and C, by use of molecular extinction 
coefficients for uridine and cytidine of 1960 and 7810, respectively, at 230 
my, and of 9750 and 7390, respectively, at 260 mu, give the following; 


7810D2¢9 — 7390D239 


Cu. 61.7 X 10° 





and 
9750 D239 — 1960 Dogo 
61.7 < 10° 


where De3y and Deg are the optical density measurements at 230 and 260 
my, respectively. 
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The conditions employed in following the conversion of cytidine to uri- 
dine spectrophotometrically were similar to those employed in the first ex- 
periment. In this case the solution contained 700 mg. of cytidine in 50 
ml. of 0.4 N sulfuric acid. It was refluxed for a total of 48 hours and 0.05 
ml. samples were removed after the same intervals mentioned previously 
and diluted to 25 ml. with 0.05 m potassium phosphate buffer at pH 7.0. 
Density measurements were made at 230 and 260 my, and the respective 
concentrations of cytidine and uridine in the original mixture calculated by 
means of the equations given above. The respective values are given in 
Table III, together with the percentage deamination with time. It may 
be seen that the rate of deamination found in this experiment was in good 


TaB_e III 
Conversion of Cytidine to Uridine As Determined by Spectrophotometric Analyses 
for Uridine and Cytidine during Refluxing for 48 Hours with 0.4.N 
Sulfuric Acid 





Concentration found X 10%* Total uridine 


Time as aes + cytidine found Per a ne 
Uridine Cytidine X 10° 
hrs. moles per |. moles per I. moles per l. 

0 0.105 6.69 6.79 1.6 
2 0.284 6.68 6.96 4.1 
4 0.568 5.56 6.14 9.3 
8 1.08 5.00 6.08 17.8 
16 1.99 4.56 6.55 30.3 
32 3.05 3.03 6.08 50.1 
64.6 


48 4.09 2.24 6.33 


* All concentrations refer to the original reaction mixture. 


agreement with that measured by the Neurospora assay procedure at the 
higher concentrations of uridine. 

The data obtained spectrophotometrically were plotted in Fig. 2 as the 
log 1/F against the time in hours, where F is the fraction of cytidine re- 
maining at the respective times. It may be seen from Fig. 2 that a straight 
line typical of a first order reaction was obtained. The velocity constant 
was calculated and found to be 0.023 per hour. 

Ammonia Determination—The ammonia present after 48 hours in the 
above-described hydrolysis mixture was determined by nesslerization, ac- 
cording to the method of Johnson (12). The amount found calculated as 
moles per liter was 3.94 X 10-*, a value comparing favorably with the final 
uridine concentration of 4.09 X 10-? mole per liter found spectrophoto- 
metrically. 

Isolation of Uridine—The remainder of the hydrolysis mixture was evap- 
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orated to 10 ml. under an air stream and concentrated phosphotungstic 


acid solution was added until no further precipitation occurred. The 


mixture was left in an ice bath in the refrigerator overnight. The precipi. 
tate was centrifuged, washed three times with 1 ml. portions of N sulfuric 
acid, and barium hydroxide added to the supernatant liquid and washings 
until no more precipitation occurred. The mixture was filtered (Celite) 
and the filter cake washed twice with hot water. The resulting solution 
was freed of barium ions by treatment with sulfuric acid and the final fil- 
trate was evaporated to a small volume under an air stream at about 30° 
and then to dryness in vacuo over phosphorus pentoxide. The residue was 
suspended in hot absolute alcohol and dissolved by the addition of 20 drops 
of water. On cooling the solution the uridine crystallized, giving a yield of 
154 mg. of product with a melting point of 160-165°. The theoretical yield 
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Fig. 2. Deamination of cytidine. F, fraction of cytidine present at respective 
times. 


calculated from the spectrophotometric data was 498 mg. The product 
was dissolved in 5 ml. of water and the solution, after decolorizing by boil- 
ing with 0.2 gm. of norit, was filtered and evaporated to dryness at room 
temperature. The syrup was dried in vacuo over phosphorus pentoxide. 
5 ml. of hot absolute alcohol were added and water dropwise, until the solid 
was completely in solution. Crystallization occurred as soon as the solu- 
tion was cooled, and the beaker and solution were rubbed with a glass rod. 
The dry product melted at 163-165° in agreement with the reported value 
for uridine ((2) p. 170). 

Preparation of Uridine from Yeast Nucleic Acid—25 gm. of yeast nucleic 
acid (Schwarz HN-4625) were added to 250 ml. of 0.4 N sulfuric acid and 
refluxed for 2 hours. Enough finely powdered silver sulfate (14 gm.) was 
added to provide a slight excess of silver ions (tested with dilute hydro- 
chloric acid). The mixture was placed in the cold room in an ice bath 
overnight and was filtered with the aid of Celite. The silver purines were 
washed with two 25 ml. portions of cold 0.4 N sulfuric acid and the wash- 
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ings combined with the filtrate. The excess silver ion was removed from 
the filtrate with 1 n hydrochloric acid (about 12 ml. required). The sil- 
ver chloride was filtered hot, and the resulting solution refluxed for 46 
hours. A solution containing 15 gm. of phosphotungstic acid was added 
to the hot solution and the mixture placed in the cold room in an ice bath 
overnight. The insoluble phosphotungstates were filtered in the cold with 
the aid of Celite. The filter cake was washed twice with water. The 
washings were combined with the filtrate, which was heated, and enough 
crystalline barium hydroxide added to bring the solution to about pH 8 
(green with Fisher Alkacid paper). About 40 gm. of barium hydroxide 
wererequired. The insoluble barium phosphate, sulfate, and phosphotung- 
state were removed from the hot solution by filtration and the filter cake 
was washed twice with boiling water. 

35 ml. (wet volume) of a cation exchanger Duolite C-3? (the commercial 
product was washed with acid and alkali and with water four times before 
it was used) were added and the mixture shaken about 4 hours. The re- 
sulting pH was 3. The Duolite was filtered and washed two times with 
water, and the washings combined with the filtrate. 15 gm. of dry anion 
exchanger Duolite A-2 (36 ml. wet volume) were exhausted and regenerated 
twice, and washed until the washings were neutral to litmus. The eluate 
from the Duolite C-3 treatment was added and the mixture stirred for 2 
hours. The pH went up to6and thesolution became colorless. Theultra- 
violet absorption of an aliquot at 260 my indicated that a total of 3.8 gm. 
of uridine was present. The solution was evaporated to 100 ml. in vacuo 
at about 50° and then blown off with warm air todryness. The syrup was 
dried in vacuo over phosphorus pentoxide. The resulting glass was heated 
with 100 ml. of absolute alcohol and enough water was added slowly to the 
hot solution to dissolve the precipitate. The solution was seeded with 
uridine and cooled in the refrigerator. Crystallization began immediately. 
The crystals were filtered and dried over phosphorus pentoxide, 2.25 gm. of 
product with a melting point of 164-165° being obtained. A second yield 
of 1.02 gm. which melted at 161-163° was obtained from the mother liq- 
uors, giving a total of 3.27 gm. or 13.1 per cent based on the original nucleic 
acid. In another preparation in which 100 gm. of yeast nucleic acid were 
used, the yield was 12.3 percent. The twice recrystallized product melt- 
ed at 166-167°. It contained 11.51 per cent nitrogen by the micro- 
Dumas method,* as compared to the theoretical of 11.47 for CsHi9O¢No. 

Preparation of Cytidine from Yeast Nucleic Acid after Acid Hydrolysis— 
100 gm. of yeast nucleic acid (Lemke) were added to 1 liter of 0.4 .N sulfuric 
acid and the mixture refluxed for 14 hours. The hot solution was made 


* Kindly provided by the Chemical Process Company, San Francisco, California. 


*Micro-Dumas nitrogen analyses by the Laboratory of Microchemistry, New 
York, 
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slightly alkaline to phenolphthalein paper with crystalline barium hy- 
droxide (about 160 gm.) and freed from barium sulfate and barium phos. 
phate by filtration. The precipitate was washed twice by suspending in 
boiling water and filtering, and the washings and the original filtrate were 
treated with a solution containing 25 gm. of silver sulfate in water with 
enough concentrated ammonia added to dissolve the precipitated silver 
oxide. The suspension was allowed to stand in the cold room overnight, 
The precipitate of silver purines was filtered in the cold with the aid of 
Celite, and the filter cake was washed twice with cold water. The filtrate 
and washings were made acid to litmus with sulfuric acid and the excess 
silver precipitated with hydrogen sulfide. The filtrate was made alkaline 
to phenolphthalein with barium hydroxide and concentrated in vacuo toa 
small volume. 5 ml. of concentrated nitric acid and about 50 ml. of alcohol 
were added to the cold solution. Crystals of cytidine nitrate separated 
when the beaker was rubbed with a glass rod. After 3 hours in the cold, 
the crystals were filtered, washed with alcohol, and air-dried. The yield 
was 3.1 gm. After decolorizing with norit and recrystallization, the prod- 
uct melted, with decomposition, at 197°. 

Preparation of Free Cytidine by Anion Exchange—2 ml. of Duolite A-2 
were washed, exhausted with 1 n hydrochloric acid, and regenerated with 
4 per cent sodium carbonate. The resin was recycled again and finally 
washed eight times with distilled water and placed in a 10 mm. column. 
1 gm. of cytidine nitrate was dissolved in 10 ml. of warm water and passed 
through the column at a rate of approximately 20 volumes per hour. The 
resin was washed out with three 3 ml. portions of warm water. The 
aqueous solution of free cytidine was concentrated to a syrup under an air 
stream at room temperature and the remaining water was removed in a 
vacuum desiccator over phosphorus pentoxide. The resulting glass was 
warmed gently with 10 ml. of absolute alcohol, 20 drops of 1:10 ammonia 
were added, and the hot solution seeded with cytidine. Crystals began 
forming immediately. The solution was cooled and then filtered. The 
product was dried in a vacuum desiccator. Yield, 746 mg., or 94 per cent 
of the theoretical. Melting point, 213-214°. This value is lower than that 


reported by Levene ((2) p. 169), but another authentic sample of free cyti- 


dine gave the same melting point. Recrystallization from alcohol-water 
gave a product melting at 215-216°. The nitrogen content found by the 
micro-Dumas procedure was 17.21 per cent, as compared to the theoretical 
of 17.28 per cent for Cy>Hi1:0;Ns3. 


SUMMARY 


The stability of cytidine and uridine to acid hydrolysis has been deter- 


mined in comparison with the rates of liberation of inorganic phosphate | 
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from cytidylic acid and from yeast nucleic acid. When cytidine was heated 
with 6 N hydrochloric acid for 24 hours, it was largely destroyed as meas- 
ured by the recovery of pyrimidine nucleoside activity for the Neurospora 
mutant 1298. In0.1N,0.2N,0.4N, and 1N acid, however, nearly quanti- 
tative recoveries were found with cytidine and uridine after 24 or 48 hours. 
After refluxing cytidine for 48 hours with 0.4 N sulfuric acid, fractionation 
of the resulting solution showed that the aminopyrimidine was largely con- 
verted to uridine and ammonia under these conditions. As both cytidylic 
acid and yeast nucleic acid are completely hydrolyzed to inorganic phos- 
phate under the same conditions, this procedure has provided a simplified 
method for the preparation of uridine. Yields from 12.3 to 13.1 per cent 
of the original nucleic acid were obtained. After refluxing yeast nucleic 
acid with 0.4 Nn sulfuric acid for 14 hours, cytidine nitrate was isolated in a 
yield of 3.1 per cent. 


BIBLIOGRAPHY 


1. Levene, P. A., and Jacobs, W. A., Ber. chem. Ges., 44, 1027 (1911). 

2. Levene, P. A., and Bass, L. W., Nucleic acids, American Chemical Society mono- 
graph series, New York (1931). 

3. Levene, P. A., Z. physiol. Chem., 39, 4 (1903). 

4, Levene, P. A., J. Biol. Chem., 39, 77 (1919). 

5. Loring, H. S., and Pierce, J. G., J. Biol. Chem., 153, 61 (1944). 

6. Jones, W., Nucleic acids, Monographs on biochemistry, London (1920). 

7. Bredereck, H., Martini, A., and Richter, F., Ber. chem. Ges., 74 B, 694 (1941). 

8. Harris, R. J. C., and Thomas, J. F., Nature, 161, 931 (1948). 

9. Loring, H. 8., Ordway, G. L., and Pierce, J. G., J. Biol. Chem., 176, 1123 (1948). 

10. King, E. J., Biochem. J., 26, 292 (1932). 

ll. Ploeser, J. McT., and Loring, H. S., J. Biol. Chem., 178, 431 (1949). 

12. Johnson, M. J., J. Biol. Chem., 187, 575 (1941). 


















ON THE NATURE OF LABILE PROTEIN 


I. THE CATHEPSIN II ACTIVITY OF THE LIVER AND KIDNEY 
OF THE FED AND FASTED RABBIT* 


By JULIUS SCHULTZ 
(From the Laboratories of the Jewish Hospital, Philadelphia) 


(Received for publication, September 18, 1948) 


When rats are fasted 24 to 48 hours, as much as 20 to 30 per cent of the 
hepatic protein leaves the liver (1,2). As the fast continues to 7 days, this 
figure reaches 40 per cent (3). In terms of metabolism, the protein, which 
readily leaves the liver, has been called labile protein or storage protein (1), 
while the more stable protein has been looked upon as structural protein of 
the cell. It was pointed out in 1936 that from a chemical point of view 
no protein fraction of the liver can be regarded as reserve material in the 
sense of being chemically distinct from the basal structural proteins (4). 
Various hypotheses have been offered to explain this phenomenon (4-6). 

More recently Kosterlitz (7) developed the concept of “labile liver cyto- 
plasm” in which the labile protein is part of a phospholipide-ribonucleic 
acid complex making up the chromophilic granules of the cytoplasm (8). 
Here again any claim that there is a “chemical distinction between the 
labile and the remaining liver cytoplasm” is cautiously excluded from 
the concept. It was further suggested, on the basis of the reports of 
Lazarow (9) and Schmitt (10), that enzyme activity may be associated with 
the cytoplasmic particulates. Soon thereafter Schneider found that the 
non-nuclear fragments of hepatic homogenates contained the greater pro- 
portion of the succinoxidase, cytochrome oxidase, and ATPase activity of 
the cell (11). Brachet and Jener found catheptic activity in the cyto- 
plasmic particulates studied by them (12). 

Finally within the past year Miller (13) reported that the loss of protein 
from the liver was related to the loss of enzyme activity. He proposed that 
the enzymes of the cellular particulates represent functional units, the loss 
of any portion of which is associated with the loss of the unit as a whole. 

From these observations the present author believes that labile protein 
may be chemically distinct from the more metabolically stable protein of 
the cell. This distinction is based on additional evidence to be presented 
here, which suggests that the enzymatic distinction of labile protein is 


* Aided by grants from the United States Public Health Service, the National 
Tuberculosis Association, and the Weinberger Fund of the Jewish Hospital. Pre- 
sented at the meetings of the American Chemical Society in Washington, September 
2, 1948. 
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indicative of a chemical difference in the protein moiety of the “‘ functional] 
unit” or the labile cytoplasmic particulates. This difference depends on 
the extent to which the specificity of an enzyme is determined by its chemical] 
composition and configuration. 

The term “‘labile enzyme”’ is suggested as a term to aid in the character- 
ization of enzyme systems supported by labile protein. 

In the first of a series of proteolytic enzymes to be examined on this basis 
we have selected cathepsin II, a component of the endocellular enzyme 
cathepsin, shown by Fruton et al. to be multiple in nature (14). 

In the present studies, the kidney, whose protein is more stable meta- 
bolically than that of the liver, was also analyzed to determine to what de- 
gree the observations made are peculiar to the liver. The significance of 
these data in relation to the réle of cathepsin II in protein synthesis will 
also be discussed. 


Procedure 


Thirteen female rabbits weighing from 3 to 4 kilos were used in these 
experiments. Five were fasted for 6 days and eight were allowed to eat 
the stock diet of Purina chow ad libitum. 

The animals were exsanguinated from the carotid. The organs were 
removed immediately, weighed, and frozen intact in a dry ice chamber. 
Homogenates were prepared from each tissue as follows: Both kidneys (or 
15 to 20 gm. of liver) were chipped in the frozen state and placed together 
with 10 times their weight of ice water containing chipped ice in a well 
chilled metal Waring blendor. Under these circumstances the blendor 
remained ice-cold during the 1 to 2 minute period of homogenization. ‘The 
suspension was then removed and brought to volume. Aliquots of these 
homogenates were used for semi-micro-Kjeldahl and enzyme studies. 


Method 


Although a variety of techniques has been described by other investiga- 
tors for the determination of the cathepsin II activity of tissues (15-18), 
none have utilized total organ homogenates as the test medium. For this 
reason sufficient data were accumulated to show that under conditions of 
these experiments the first order reaction constant for the liberation of 
ammonia from benzoylargininamide is proportional to the amount of homo- 
genate used and therefore the enzyme concentration. Fig. 1 shows the 
results obtained on three livers of fed rabbits and three livers of fasted 
rabbits. 

In carrying out the tests 1.0 ml. of homogenate was added to 1.0 ml. 
solution of 0.1 m citrate buffer containing 0.02 mm of benzoylargininamide 
hydrochloride monohydrate, and 0.01 mm of cysteine hydrochloride. The 
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pH of the buffer was 5.1. When less than 1.0 ml. of homogenate was used, 
the total volume of digest was brought to 2.0 ml. with water. The diges- 
tion was carried out in large test-tubes placed in a 39° bath. After 2 and 4 
hours of digestion, the tubes were removed, | ml. of saturated potassium 
carbonate and 3 ml. of water were added, and the whole aerated as in the 
Van Slyke urea aeration procedure described by Greenstein and Leuthardt 
(17). In the present investigations the ammonia liberated was absorbed 
in a 2 per cent boric acid solution containing indicator (methyl red-brom- 
cresol green). ‘The ammonia was titrated with nN/14 HCl. 
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ML. HOMOGENATE 


Fig. 1. To each aliquot of total homogenate of liver, as indicated in Fig. 1, there 
were added 0.02 mm of benzoylargininamide, 0.01 mm of cysteine hydrochloride in 
0.2 m citrate buffer (pH 5.1), and the whole was brought to 2.0 ml. with water. K 
was calculated from the NH; liberated by the equation K = 1/t log (100/100 — z), 
where ¢ is in hours and z = per cent hydrolysis. 





A correction blank for zero time was made in tubes that were prepared, 
but treated immediately with saturated K:CO;. In each case the reaction 
constant was calculated from the equation K = 1/t log (100/100 — z), 
where x was per cent hydrolysis and ¢ was taken in hours. For routine 
work where a large number of analyses were made, it was found convenient 
for the numerous calculations required to use ¢t in hours. The expression 
K per mg. of N was calculated by dividing the K value of 1 ml. of homo- 
genate by the mg. of N found in 1 ml. of homogenate. The expression K 
per mg. of N was retained here rather than the proteolytic coefficient C, 
used by others (14), in order not to cause confusion, for the conditions are 
not exactly the same. By multiplying the K value for 1 ml. by the total 
volume of homogenate a value for the total enzyme activity of the organ 
was obtained; this is referred to as ‘total K” in Table I. 
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Results 


NATURE OF LABILE PROTEIN. 


I 


The results in Table I show that in the course of a 6 day fast there was 
approximately a 50 per cent loss of liver weight and liver nitrogen along 
In the kidneys the 


with an average body weight loss of about 10 per cent. 


TABLE I 


Cathepsin II Content and Concentration of Organs of Fed and Fasted Rabbits 


Body weight 


Rabbit No. 
Initial | Final 
gm. | gm. 
19 4590 | 3960 | 
20 3987 | 3807 | 
22 | 4117 | 3910 
23 | 3814 = 3480 
25 | 3627 | 3274 
POR ice cas tavesiorwes 
ee eee 
35 3500 
36 | 3775 
37 2975 | 
38 | 3175 
47 4080 | 
48 3580 | 
49 4186 
50 4135 | 
BUOCPEMO. 05 os See ek 
ee RPE peer | 
19 
20 
22 
23 
25 
+ ee re | 


Average... 


S.E. 











Organ weight | Nitrogen Enzyme activity* 
, | | | 
Of aed Of | Of total a per gm. | + 
ab Anica | organ | organ ape ~ tissue ak 
gm. | per cent per cent | mg. 
Livers fasted ) 
| 90.7 / 2.04 | 2.29 | 1845 | 22 517 | 46.0 
62.5 | 1.64 |-2.63 | 1645 | 17 440 | 27.5 
67.2 L.QPAy St | ete | 24 505 | 33.9 
48.7 1.40 | 2.68 | 1305 | 16 425 | 20.7 
49.9 1.52 | 2.95 | 1470 | 15 680 | 22.2 
| 
ieee ee oe aed | —— —— —* 
62.0 | | OR, | 19 | 513 | 30.0 
6.0 | | 2 | 45 | 40 
Livers fed 
131.0 | 3.76 | 2.08 | 2730 | 28 585 | 76.5 
135.0 | 3.58 | 2.14 | 2900 | 30 640 | 86.5 
100.0 | 3.85 | 2.29 | 2290 | 27 625 | 62.4 
98.2 | 3.08 | 2.13 | 2000 | 45 | 955 | 93.5 
159.6 | 3.91 | 2.84 | 4530 | 28 810 | 129.0 
111.1 | 3.11 | 2.24 | 2495 | 38 805 | 95.0 
143.0 | 3.42 | 2.68 | 3830 33 885 | 127.0 
94.0 | 2.29 | 2.76 | 2610 | 31 863 | 82.0 
119.0 | 2934 | 32 | 784 | 94.0 
8.0 20 | 2 ; 80 8.0 
Kidneys fasted 
15.8 | 0.40 | 2.46 | 389 26 638 10.1 
13.3 | 0.35 | 2.87 330 14 401 5.3 
16.3 | 0.32 | 2.36 | 348 10 216 3.5 
12.1 | 0.41 | 2.77 336 11 314 3.8 
11.9 | 0.35 | 2.96 | 292 8 196 2.3 
13.9 | 346 14 353 5.0 
1.0 | 16 80 1.3 
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TasiLe I—Concluded 












































| Body weight | Organ weight Nitrogen Enzyme activity® 
Rabbit No. | Lk tr ane Of bod of 5 pe t me | 
| Initial | Final | weight | con | poten K per mg. | X PEt 8™-| potal K 
| ars $s eee CY 
| gm. gm. gm. per cent | per cent | mg. 
Kidneys fed 
35 | 25.6|0.73 |1.75 | 475 | 25 | 437 | 11.2 
36 | 20.8 | 0.554 | 2.29 | 475 | 27 | 615 | 12.8 
37 | 17.1 | 0.575 | 2.36 | 403 | 28 658 | 11.4 
38 | 15.8 | 0.498 / 2.51 | 398 | 26 | 667 | 10.5 
47 | 19.5 | 0.476 | 2.62 | 510 | 23 602 | 11.7 
48 | | 14.8 | 0.414 | 2.67 | 395 | 42 | 1120 | 16.6 
49 | 19.3 | 0.461 | 2.69 | 520 | 22 582 | 11.2 
50 | 16.2 | 0.391 | 2.56 | 415 | 31 924 | 12.8 
a Amen eats = a | -——} -— 
IRs ici tsndoveens | 18.5 | | 449 | 28 701 | 12.3 
ood j-——- BES ra eee enone arene ee Qs 
ee es: 0.9. | 22 7) wiee 


* Enzyme activity here is calculated in terms of the first order reaction constant 
K from the equation K = 1/t log (100/100 — z), where ¢ is in hours and z in per cent 
hydrolysis of benzoylargininamide determined as described in the text. Total K is 
calculated from the total volume of organ homogenate and the K value of the aliquot 
used in the test. s.E. is the standard error of the mean. 


loss of weight was 25 per cent and the renal N was diminished by 20 per 
cent. 

Two-thirds of the enzymatic activity of the liver and more than half 
of that of the kidney were lost during the 6 day fast. Thus the enzymatic 
activity decreased to a greater extent than the liver weight or kidney weight. 
This is reflected in the lowered ratio of K per mg. of N and K per gm. of 
tissue in the organs of the fasted rabbits. 


DISCUSSION 


It has been suggested that cathepsin II may be the endocellular enzyme 
whose physiological function is concerned with protein synthesis (14, 19). 
These data may offer further support to this hypothesis. For, since the 
value of K per mg. of N in Table I is a measure of the proportion of enzyme 
to protein, it is obvious that in a state of decreased protein synthesis the 
ratio of enzyme activity to protein was diminished. ‘This is to be expected 
if cathepsin II were involved in the synthesis of protein. This is a case in 
which the activity of cathepsin II does not parallel that of cathepsin, if 
one is permitted to compare the rat and the rabbit (13). 

It is accepted here as a working hypothesis that the loss of enzyme ac- 
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tivity is a reflection of the loss of labile protein. Support for this can be 
found in the work of Miller (13) and in Woolley’s recent report (20) that 


strepogenin contains a polypeptide common to biologically active factors | 
which include more than one enzyme. It is obvious that, if the labile | 
protein contains units common to more than one enzyme, the activity of 


| th 


this group of enzymes will be altered. As a first approximation of the ex- 
tent to which the activity of an enzyme depends on the labile protein the 
K per mg. of N value of the labile protein was calculated by dividing the 
loss of enzyme activity by the loss of labile protein. The “enzyme actiy- 
ity” of labile protein for cathepsin II has been compared with values cal- 
culated from data in the literature. 

The labile protein is richer in factors supporting cathepsin II activity 
than is the cellular protein of the fed or fasted liver. This can readily 
be seen in Table I, where the labile protein, the protein N lost on fasting, 
is 1.5 gm., while the loss of enzyme activity is 60; the K per mg. of N of the 
labile protein is therefore 40 X 10-*, which is greater than the average of 
32 X 10-* found for the livers of the fed animals and twice as great as the 
19 + 2 found for the more stable protein remaining in the cell. 

A similar analysis of the data of Miller offers additional information on 
the nature of labile protein. In the livers of female rats catalase, alkaline 


phosphatase, cathepsin, and xanthine oxidase showed a labile enzyme-labile . 


protein ratio (in units per gm. of protein) of 16, 6.5, 99, and 23, respectively, 
while the ratio of the 7 day fasted livers were 5.4, 5.7, 110, and 4.9 respec- 
tively. 

In the male rats, the values for labile enzymes per gm. of labile protein 
were (in the same order) 18.3, 5.3, 66, and 26. The figures for the livers 


of the 7 day fasted rats of the same series contained 12.6, 6.4, 92, and 4.9 | 


enzyme units per gm. of hepatic protein. Thus it can readily be seen that 


the labile protein supported more than twice the activity of catalase and | 


more than 4 times the activity of xanthine oxidase than did the protein 
remaining after a 7 day fast. In the male rats the value for catalase is 
50 per cent greater but for xanthine oxidase it is of the same order of mag- 
nitude as in the female. Cathepsin activity appears to depend on the 
labile protein to a lesser degree than on the more stable protein. Although 
there is a 100 per cent difference in the catalase activity of the livers of the 
fed female and male rats, the values of K per gm. of N of the labile protein 
in both cases are remarkably alike, being 16, 400, and 18,300 respectively. 

From the data of Oppenheimer and Flock (21) on fed and 48 hour-fasted 


rats, the labile protein was calculated from the loss of tissue weight by using 


a conservative value of 20 per cent loss of N (1) and 3.0 per cent for the N 


content of the tissue. The K per mg. of N value of the labile protein for 


alkaline phosphatase was 4.4 Bodansky units per 100 mg. of N. The value 
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of the protein remaining in the liver was 0.2 Bodansky unit per 100 mg. of 
N. | 

On the basis of the findings reported here and by Miller and Flock and 
Oppenheimer, one can point to catalase and xanthine oxidase in the 7 day- 
fasted rat, to phosphatase in the 48 hour-fasted rat, and to cathepsin II in 
the 6 day-fasted rabbit as representing a group of labile enzymes. Their 
activity depends more on the constituents of the metabolic pool of hepatic 
protein which readily leaves the liver on fasting than on the metabolically 
stable protein remaining in the cell. To the extent that this protein sup- 
ports their activity, the nature of these enzymes may be a manifestation 
of chemical properties that are peculiar to labile protein and distinct from 
the more stable protein of the cell. Further studies on the significance of 
the labile protein in relation to the labile enzymes and their réle in protein 
synthesis in the liver will be the subject of future investigations. 


SUMMARY 


It has been shown that total homogenates of the liver are suitable for 
quantitative studies of cathepsin IT. 

The cathepsin IT of the liver and kidneys of eight fed and five fasted rab- 
bits was determined. 

The term “‘labile enzyme” has been used to describe the enzyme activity 
readily lost on fasting. 

A point of view was developed whereby a chemical distinction can be 
made between the labile protein and the more stable cellular proteins. 
This view is based on the principle that the cellular proteins supporting 
enzymatic activity possess chemical composition and configuration specific 
for the enzyme. 

On this basis labile protein is so constituted as to be more capable of 
supporting the activity of cathepsin II and other enzymes reported by 
others than the more stable cellular proteins. 

Cathepsin II may be related to protein synthesis in that the level of its 
activity parallels the relative rate of synthesis and catabolism of protein 
in the liver. 
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STUDIES ON PITUITARY LACTOGENIC HORMONE 


XII. THE AMINO ACID COMPOSITION OF THE HORMONE OBTAINED 
FROM WHOLE SHEEP PITUITARY GLANDS* 


By CHOH HAO LI 
(From the Institute of Experimental Biology, University of California, Berkeley) 


(Received for publication, December 6, 1948) 


In this paper we wish to present certain analytical data obtained with 
the lactogenic hormone isolated from sheep pituitaries by the method 
of Li et al. (1). The hormone was shown to be homogeneous by elec- 
trophoretic and solubility measurements (2). 


EXPERIMENTAL 


The lactogenic hormone preparation was dried in a vacuum at 98° 
for 20 hours before digestion. A weighed amount (approximately 90 mg.) 
of the dried sample was refluxed with 2 cc. of 20 per cent HCl. At the 
end of 18 hours, HCl was removed by drying in a vacuum; the residue 
was dissolved in water and stored in the refrigerator with a trace of toluene 
and ether pending analysis. The microbiological assay procedures! were 
employed for the determination of arginine, aspartic acid, glycine, his- 
tidine, lysine, phenylalanine, proline, serine, tyrosine (with Leuconostoc 
mesenteroides P-60), glutamic acid, isoleucine, leucine, methionine, valine 
(with Lactobacillus arabinosus 17-5), and threonine (with Streptococcus 
faecalis). u-Amino acids were used as standards in all cases (except 
glycine). 

Tryptophan was determined chemically; the procedure of Lugg (3) 
with alkaline hydrolysates was followed in essential detail. The colori- 
metric methods of Shaw and McFarlane (4) and of Horn and Jones (5) 
were also employed for the determination of tryptophan. 

The free amino nitrogen was determined in the manometric Van Slyke 
apparatus (6), and the total nitrogen by the Kjeldahl procedure. 

The determination of amide NH; was carried out as follows: 50 mg. of 
protein were hydrolyzed with 20 per cent HCl at 100° for 12 hours; the 
solution was then neutralized and made slightly alkaline with 0.5 cc. of 
5MNaOH. The ammonia was distilled off by aeration into three aliquots 
of a borate buffer while the hydrolysate was kept in a boiling water bath. 


* Aided by grants from the Research Board of the University of California, Berke- 
ley. 
‘Lewis, J. C., and coworkers, unpublished data. 
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DISCUSSION 


The amino acid composition of the lactogenic hormone is summarized 
in Table I. It may be noted that the determinations of arginine and ty- 
rosine by microbiological and chemical methods (3, 9) are in good agree- 
ment. The earlier microbiological assay of glutamic acid (8) is not sig- 
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XIll 


Amino Acid Analysis of Lactogenic Hormone 
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{+ The Sakaguchi method was used; see Li et al. (2). 


t The diiodate titration method of Baernstein was used; see Li (7). 


§ Taken from Lewis and Olcott (8). 


ll The method of Lugg was used; see Li et al. (9). 
{| Determined by M. S. Dunn and coworkers. 


nificantly different from the present value. 
methionine are taken from an earlier analysis (7). 

There is confusion as to the exact tryptophan content in lactogenic | 
hormone. Some years ago (9) we found the tryptophan content to be | 
1.19 per cent by the nitrous acid method of Lugg (3); a similar value was 
obtained by White et al. (10) by the procedure of Folin and Marenzi (11). 


The values of cystine and 
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We (2) also reported a higher value (2.5 per cent) when the glyoxylic 
acid method (4) was used. These findings are confirmed in the present 
investigation. In addition, we have obtained a value of 1.27 per cent 
(see Table II) by the method of Horn and Jones (5). From these results 
and that of Ross (12) on tobacco mosaic virus, it would seem that the 
glyoxylic acid method gives values so high that the results obtained may 
not always be taken as depicting accurately the tryptophan content in 
proteins. In order to substantiate this contention, we determined the 
tryptophan content of a number of proteins with the nitrous acid and 
glyoxylic acid methods and the method of Horn and Jones. The results 


TaBLe II 
Tryptophan Content of Proteins* As Determined by Different Methods 


The results are expressed in per cent of moisture-free protein; each value was the 
average of at least three determinations. 





Methods 








= Nitrous acid | Glyonylic acid | ?"Detvaidehyde 

(Lugg (3)) McFarlane (4)) | (Horn any ones 
Human serum albumin............ 0.43 0.43 0.44 
OES See enn er Re mana 1.35 1.68 1.37 
p-Lactoglobulin................... | 1.97 | 2.06 1.98 
EUR ns 1.63 2.60 1.58 
i. 1 One ree rea ere or | 1.50 | 1.65 1.52 
Se rer es 0.79 0.84 0.73 
is 5.4.59 via Ue Ss alecen: CONDOR 2.73 | 3.34 2.68 
Lactogenic hormone............... 1.14 2.28 1.27 





* We are indebted to the following who furnished samples of proteins: H. Beniam 
for the samples of human serum albumin and globin, H. 8. Olcott for casein and glia- 
din, D. M. Greenberg for edestin, and E. F. Jansen for 8-lactoglobulin. The crystal- 
line pepsin was obtained from the Plaut Research Laboratory. 


are summarized in Table II. It is evident that with the exception of 
globin, pepsin, and lactogenic hormone the tryptophan content obtained 
by the three methods is in good agreement. It may be recalled that the 
glyoxylic acid method requires no digestion of the protein. The coloration 
produced by the reaction of tryptophan residues with the glyoxylic acid 
may be altered or interfered with by groupings or peptide chains in the 
protein molecule. This interference may cause either an enhancement 
or reduction of the chromogenic intensity. In the case of the lactogenic 
hormone, it would seem that an unknown factor, due to the intrinsic 
structure of the tryptophan residue, gives rise to a high value when the 
glyoxylic acid method is employed. 
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TaBLeE III 
Minimum Molecular Weight of Lactogenic Hormone 





Amino acd ee) See | ee 
ee ee ir 7,752 4 
gr tie ers le oh os en 4.5 3,447 10 
IND ios itis ooscaswwe owes L, a 4,029 8 
I ee eT 1.2 17,016 2 
au oni fie ge hg sce | . 7 3,855 9 





Mean + standard deviation. ....| 


Calculated 
mol. wt. 


31,008 
34,470 
32, 232 
| 34,032 
34,695 


| 33,287 + 228 














Estimated No. of 
residues 


TABLE IV 
Composition of Lactogenic Hormone (Molecular Weight 33,300) 
Constituent meee | ae 

INE oaks) oth SEE ROE vs ase 15.86 

Sulfar......... 1.79 
MMMM gh oF cts wi a haccsnnyecaversileere vars 1.0 6.3 
eens bins Sake ques oe 8 50 8.6 17.4 
Ge: Oe ee 11.6 7.6 
lel ds Coaster wai NAA: 3.1 | 2.3 
Glutamic acid.......... 14.1 8.5 
Glycine... 4.0 4.7 
Histidine..... 4.5 7.7 
MUUMITENEE a ici sJota sentence ccs See ase 4.8 
ER es - eae pe 12.5 8.4 
ES ee ee ee 5.3 6.4 
eee eT eee 3.6 2.1 
SPT eee Tree 4.1 2.2 
SO Se er eee rr eres | 6.2 4.8 
iia a eat Ses hie LiN Saws 6.5 5.5 
0 SRR CR Eee eran 4.8 3.5 
ERRORS ROR Pe eres 4.7 2.3 
EEA oe ee eee 1.2 1.0 
ES DS rua bre gk CAREERS 0 ais dl 5.9 4.4 
NRE Os rh cacokalo td paar ea sia 99.9 





In order to ascertain the tryptophan content of lactogenic hormone, 
the microbiological technique? was also employed with Lactobacillus ar- 
abinosus 17-5. It was found that the hormone contains 1.23 per cent | 


* We are indebted to Dr. M. S. Dunn and his colleagues for this determination. 
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tryptophan, which is in agreement with the values obtained by the meth- 
ods of Lugg and of Horn and Jones. It may, therefore, be assumed that 
the amount of tryptophan in the lactogenic hormone approximates 1.2 
per cent. 

Table III presents calculations of the minimum molecular weight of 
the hormone, based upon its content in histidine, phenylalanine, cystine, 
tryptophan, and tyrosine. The value 33,300 is somewhat higher than that 
obtained by osmotic pressure measurements (2), but it is very close to 
that determined by ultracentrifugation (10). 

In Table IV are shown the protein nitrogen distribution and the es- 
timated number of amino acid residues per mole. The percentage of 
nitrogen in lactogenic hormone corrected for moisture and ash is found 
to be 15.86 per cent from an average of many determinations. It may be 
seen that the known amino acids together with the amide N account for 
99.9 per cent of the protein nitrogen. 

The free amino nitrogen (Van Slyke) determinations for the hormone 
gave an average value of 0.74 per cent. When calculated per mole, the 
estimated number of free amino groups is found to be 18, which is higher 
than the 12 lysine residues. The difference (18 — 12 = 6) may be taken 
as indicating the approximate number of free terminal amino groups in 
the hormone molecule. 


SUMMARY 


1. The percentages of seventeen amino acids in the lactogenic hormone 
isolated from whole sheep pituitaries have been determined by micro- 
biological and chemical procedures. 99.9 per cent of the protein nitrogen 
has been accounted for by its content of seventeen amino acids and the 
amide nitrogen. 

2. The molecular weight has been estimated to be 33,300 by calcula- 
tions based on the content of five amino acids. 

3. Methods for the determination of tryptophan in proteins have been 
discussed. 


I am extremely grateful to Dr. J. C. Lewis and his coworkers for their 
generosity in carrying out the microbiological assay of this work. The 
author also wishes to acknowledge the assistance of C. Kalman. 
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A FLUOROMETRIC METHOD FOR THE DETERMINATION OF 
PTEROYLGLUTAMIC ACID* 


By V. ALLFREY,{ L. J. TEPLY, C. GEFFEN, anp C. G. KING 
(From the Department of Chemistry, Columbia University, New York) 


(Received for publication, November 23, 1948) 


The characteristic fluorescence of the antipernicious anemia factor was 
suggested as a measure of its concentration in natural materials by Jacobson 
and Simpson (1) and a quantitative study of the fluorescence of synthetic 
pteroylglutamic acid (PGA) was made by Villela (2). 

Attempts to apply such direct fluorescence measurements to yeast ex- 
tracts prepared in this laboratory indicated that a variety of interfering 
substances could greatly augment the intensity of the fluorescent beam. 
Riboflavin and many of the pterins, for example, are strongly fluorescent 
under the conditions recommended by Villela. Consequently, a study 
has been made of the fluorescence of pteroylglutamic acid under controlled 
conditions and a method has been developed for its quantitative estimation 
in a variety of synthetic and natural mixtures. 

Permanganate oxidation of PGA yields a strongly fluorescent substance, 
identified as 2-amino-4-hydroxypteridine-6-carboxylic acid (3). In the 
absence of fluorescent pigments (e.g., xanthopterin) which are attacked by 
permanganate, the increment in the intensity of fluorescence, on oxidation, 
is directly proportional to PGA concentration. When interfering pigments 
are present, the PGA oxidation product can be isolated chromatographically 
and its fluorescence determined directly. 


Method 


Apparatus—The intensity of fluorescence was measured in a Farrand 
microfluorophotometer, with filters recommended by Dr. O. H. Lowry for 
the microdetermination of thiochrome, xanthopterin, and related sub- 
stances (4). 

Primary filter. Corning No. 5860, transmitting in the ultraviolet at 
365 mu. 

Secondary filter. Corning No. 4308 + Wratten gelatin No. 2A + 
Corning No. 3389, in that order, with Filter 3389 facing the phototube. 


* This investigation was supported by a grant from the Nutrition Foundation, 
Inc. 


t From a dissertation to be submitted by V. Allfrey in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy in the Faculty of Pure Science, 
Columbia University. 
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The secondary filter combination transmits in the blue region at 470 mu, 
blocks out stray ultraviolet radiations, and reduces filter fluorescence to a 
minimum. 

Adsorption columns. Pyrex glass tubes, 5 mm. inside diameter and 
120 mm. in length, with a bell-shaped top of 22 mm. inside diameter and 
50 mm. in length, and a capillary constriction at the bottom, 1 mm. inside 
diameter and 15 mm. in length, over-all length 180 mm. When the tubes 
are charged, the rate of flow should be 15 to 20 drops per minute. 

Reagents—Pteroylglutamic acid, crystalline reference standard (gener- 
ously supplied by Dr. T. H. Jukes of the Lederle Laboratories Division, 
American Cyanamid Company), 4 per cent potassium permanganate solu- 
tion, 3 per cent hydrogen peroxide solution, prepared as needed by 1:10 
dilution of 30 per cent H,O2, 2 n hydrochloric acid, 4 per cent sodium 
tetraborate solution (Na2:B,O7-10H,O), 40 per cent sodium hydroxide 
solution, and 1 mg. per cent of quinine sulfate in 0.1 N sulfuric acid. Dilu- 
tions of this quinine sulfate standard serve as reference points in the 
selection and adjustment of instrument sensitivity. 

2.5 Mm acetate buffer, pH 3.95, prepared as follows: To 500 ml. of 5 
M acetic acid add 105 ml. of 5 n NaOH and dilute to 1 liter. 

Florisil, 60 to 100 mesh, prepared as follows: 500 gm. of Florisil are 
suspended in 2 liters of 4 per cent sodium tetraborate solution and boiled 
for 30 minutes. After decantation, the process is repeated. The Florisil 
is washed with distilled water and resuspended in 2 liters of 0.25 m acetate 
buffer (prepared by 1:10 dilution of the acetate buffer described above). 
This suspension is boiled for 30 minutes and filtered. The Florisil is 
washed on the funnel with 10 liters of 0.25 m acetate buffer and air-dried at 
room temperature. 


Procedure 


Two procedures are available, depending upon thenature and complexity 
of the material to be analyzed. 

Method I—In the absence of fluorescent pigments which are altered 
by permanganate oxidation, the following direct method may be applied: 
To 10.0 ml. of a neutral, unbuffered solution containing 0.01 to 10.0 y 
of pteroylglutamic acid per ml. is added 0.1 ml. of 2.5 mM acetate buffer. 
The pH at this point should lie between 3.9 and 4.1. The intensity of 
fluorescence of the solution is determined, with the appropriate sensi- 
tivity setting of the instrument. To the 10.1 ml. of buffered solution is 
then added 0.05 ml. of 4 percent potassium permanganate solution, followed 
after 5 minutes by 0.10 ml. of 3 per cent hydrogen peroxide. The final 
volume is 10.25 ml. The final pH lies between 4.1 and 4.4. After gentle 
stirring for 2 to 3 minutes the intensity of fluorescence is again deter- 
mined. 
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The increment in fluorescence intensity due to oxidation is directly 
proportional to the concentration of pteroylglutamic acid. The con- 
centration of PGA may be read directly from a standard linear plot of 
fluorescence increment (A) versus concentration. 

Standardization—Three such plots have been established. The first 
(Fig. 1, Curve C) covers the concentration range of 0.01 to 0.1 y of PGA 
per ml. The reference point of instrument sensitivity for this range is 
obtained by setting the galvanometer deflection due to a 0.0024 mg. per 
cent quinine sulfate solution in 0.1 N sulfuric acid at 70 on the 100 
unit galvanometer scale. Points on the curve are obtained as follows: 
10.0 ml. of a neutral standard solution containing the indicated concen- 
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trations of PGA are adjusted to pH 4.02 by the addition of 0.1 ml. of 2.5 
M acetate buffer. The initial intensity of fluorescence is determined and 
recorded. 0.05 ml. of 4 per cent KMnO, solution is then added, followed 
after 5.0 minutes by 0.10 ml. of 3 per cent H.O.. After gentle stirring 
for 2 to 3 minutes the final intensity of fluorescence is determined. The 
difference, A, between initial and final readings is plotted against the con- 
centration of PGA in the original 10.0 ml. of solution. 

As indicated in Fig. 1, Curve C, a slight deviation from linearity occurs 
at the lower PGA concentrations. 

The second standard plot (Fig. 1, Curve B) covers the range from 0.1 
to 1.0 y of PGA per ml. The reference point of instrument sensitivity 
for this range is obtained by setting the galvanometer deflection due to a 
0.024 mg. per cent quinine sulfate solution in 0.1 N H.SO, at 75 on the 
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galvanometer scale. The oxidation technique is the same as that used 
above. 

In this range the increment, A, is directly proportional to PGA con- 
centration. 

The third curve (Fig. 1, Curve A) applies for concentrations between | 
and 10 y of PGA per ml. The reference point here is a galvanometer 
deflection of 75 for a 0.2 mg. per cent solution of quinine sulfate in 0.1 n 
HSO,. 

There is a slight deviation from linearity at the higher PGA concen- 
trations. However, concentrations of this magnitude are not often en- 
countered in the analysis of natural products. 

It is of primary importance that the standards used be freshly prepared 
and shielded from direct sunlight. Exposure to light or long standing 
results in a partial cleavage of PGA to the corresponding pteridy! alde- 
hyde which fluoresces. The initial intensity of fluorescence of pure PGA 
standards is no higher than the ‘“‘blank”’ fluorescence of the reagents em- 
ployed. : 

Method II—When interfering pigments are present, the PGA oxidation 
product is isolated by adsorption on Florisil at pH 4 and elution in 4 per 
cent sodium tetraborate solution. The fluorescence of the eluate at pH 
4 is determined and recorded. After the addition of 40 per cent NaOH 
solution the fluorescence is again determined. The difference between 
initial and final readings (corrected for dilution and the slight fluorescence 
of the oxidation product in alkaline solution) corresponds to the A values 
of the standard curves in Fig. 1. 

The detailed procedure is as follows: To 1 to 10 ml. of sample contain- 
ing 0.25 to 250 y of PGA are added 0.1 ml. of 2.5 m acetate buffer and 
sufficient water to bring the volume to 10.1 ml. The pH at this point 
should be approximately 4. 0.05 ml. of 4 per cent KMnQ, is then added. 
(In the presence of high concentrations of citrate, oxalate, or other oxidiz- 
able substances, more permanganate may be necessary. Enough per- 
manganate should be present to impart a definite red color to the solution 
throughout the oxidation period.) After 5 minutes, 0.10 ml. of 3 per cent 
H,O, is added and the clear solution is passed through about 10 cm. of 
Florisil in an adsorption column. (Adsorption columns are prepared by 
inserting a small plug of glass wool above the capillary constriction at the 
base of the tube and filling to a height of 10 to 11 em. with dry Florisil. 
Immediately before using the column is washed with 10 ml. of 0.25 m 
acetate buffer.) If permanganate causes precipitation in the solution 
being examined, it is advisable to centrifuge before adsorption. When 
the sample has passed through the Florisil, the column is washed with 
five 10 ml. portions of 0.25 m acetate buffer. (Mild suction may be applied 
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to hasten the washing of the column.) To elute, four 5 ml. portions of 
boiling 4 per cent sodium tetraborate solution are passed through the 
column. With mild suction an elution rate of 15 to 20 drops per minute 
can be obtained. The eluate is adjusted to pH 4.0 to 4.5 by the addition 
of about 1.8 ml. of 2 Nn HCl, and then diluted to 25 ml. in a volumetric 
flask. 

Duplicate 10 ml. aliquots are withdrawn and 0.1 ml. of 2.5 M acetate 
buffer is added to each. The intensity of fluorescence is determined on 
1 ml. of these solutions before and after the addition of 0.1 ml. of 40 per 
cent NaOH. Instrument sensitivity is selected by using one of the three 
quinine sulfate calibration points used for the standard curves. The 
choice depends on the initial fluorescence of the eluate and the magnitude 
of the decrease on addition of the alkali. 

The difference between the initial reading and the final reading mul- 
tiplied by the dilution factor 1.1 gives a A value which must be further 
increased by 4 per cent to allow for the fluorescence of the oxidation prod- 
uct in alkaline solution. The corresponding concentration can then be 
read from the standard curves of Fig. 1. 

It is advisable to run “recovery” samples and to correct for losses due 
to coprecipitation, incomplete elution, or to other causes, depending on 
the material being analyzed. 

In many natural products (e.g., yeast and bacterial extracts) a more 
complete isolation of the PGA oxidation product is required. The recom- 
mended procedure is described in the section covering the application of 
the method to natural products. 


EXPERIMENTAL 


Oxidation—aAs indicated in Table I, the increment, A, in fluorescence 
intensity is essentially constant over a wide range of permanganate con- 
centrations. 

10 ml. aliquots of a standard solution containing 2 y of PGA per ml. 
were oxidized for 5.0 minutes with 0.05 ml. of the indicated concentrations 
of potassium permanganate. The solutions were buffered with 0.2 ml. of 
2.5 M acetate buffer. Permanganate remaining at the end of the oxidation 
period was removed with 0.2 ml. of 3 per cent H.O.. The difference, A, 
between final and initial intensities of fluorescence was determined at an 
instrument sensitivity adjustment corresponding to a galvanometer deflec- 
tion of 34 scale divisions for a 0.024 mg. per cent solution of quinine sulfate 
in 0.1 N H.SOQsg. 

Oxidation Time—The variation of fluorescence increment with time of 
oxidation is shown in Fig. 2. The increment is constant between 5 and 
11 minutes. Data were obtained as follows: 10 ml. aliquots of a standard 
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PGA solution (1.2 y per ml.) were buffered with 0.1 ml. of 2.5 Mm acetate 
buffer. 0.05 ml. of 4 per cent KMnQ, was then added. After the times 
indicated by points on the curve, 0.1 ml. of 3 per cent H,O, was added to 
reduce the remaining permanganate. The increment in intensity of fluo- 
rescence due to oxidation was determined at an instrument sensitivity 


TABLE I 
Effect of Permanganate Concentration on Fluorescence Increment 














KMnQ, concentration Fluorescence increment* 
io per cent _ “eae 
1 80 
2 80 
4 80 
6 81 
8 83 
10 | 83 
20 | 82 





* Observed at an instrument sensitivity corresponding to a galvanometer deflec- 
tion of 34 scale divisions for a 0.024 mg. per cent quinine sulfate standard. 
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Fig. 2. Fluorescence increment as a function of the time of oxidation 








corresponding to a galvanometer deflection of 75 for a 0.024 mg. per cent 
solution of quinine sulfate in 0.1 N H.SO,. 

The constancy of the increment between 5 and 11 minutes and its 
independence, within wide limits, of the permanganate concentration 
permit a precision in duplicate determinations to within 1 scale division 
on the galvanometer. 











uc 
do 


wi 


wi 
12 
by 
cn 
elt 


ate 
mes 
l to 
[uo- 
vity 


cent 


its 
tion 
sion 





ALLFREY, TEPLY, GEFFEN, AND KING 471 


Properties of Oxidation Product—The fluorescence of the oxidation prod- 
uct, as prepared by the adsorption-elution technique outlined above, 
does not change appreciably within 240 hours. It varies considerably 
with pH, however, and with the concentration of borate and acetate ions 
in the solution. 

The variation of the fluorescence intensity of the PGA oxidation product 
with pH is illustrated in Fig. 3. The data were obtained as follows: 
12.5 ml. of a PGA standard solution containing 100 y per ml. were oxidized 
by the standard procedure and the solution passed through about 10 
em. of Florisil in an adsorption column. The oxidation product was 
eluted with four 5 ml. portions of boiling 4 per cent sodium tetraborate 
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Fic. 3. Fluorescence of the PGA oxidation product as a function of pH 


solution. The eluate was made up to 500 ml. with distilled water. 10 
ml. aliquots of this solution were brought to the indicated pH values in a 
final volume of 25 ml. (pH values below 10 were measured on a Beckman 
pH meter. Values above pH 10 were calculated from the dilutions of 
1.0 N NaOH used in the titrations.) Fluorescence intensities were de- 
termined at an instrument sensitivity corresponding to a galvanometer 
deflection of 75 for a 0.024 mg. per cent quinine sulfate standard. 

The fluorescence under these conditions is constant between pH 4 and 
9.5 and falls off rapidly in more strongly acid and alkaline solutions. The 
fluorescence intensity of the oxidation product in 1 Nn NaOH is about 4 per 
cent of the value determined at pH 4. 

In the direct method, in which the oxidation product is not isolated, 
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the constancy of increment holds only between pH 3.9 and 4.4. Above 
pH 4.4 the formation of MnO, causes a significant decrease in the measured 
increment. The 2.5 M acetate buffer recommended serves to keep the pH 
within these limits of optimum fluorescence intensity. 

Salt Effects—The intensity of fluorescence of the oxidation product 
varies considerably with its ionic environment. The data in Table II 
indicate the magnitude of the variation in different concentrations of 
salts. The final concentration of PGA oxidation product is 1 y per ml, 


TaBLeE II 
Variation of Fluorescence Intensity of Oxidation Product with Salt Concentration 


Solution (containing 1 y oxidation 





product per ml.) Concentration pH omen 
M 

H.0 7.1 90 
NaCl 0.1 521 86 
0.5 a | 84 

1.0 5.1 80 

NaH2PO, 0.1 4.45 60 
0.5 4.15 32 

1.0 4.0 22 

(NH,4)280, 0.1 5.1 90 
0.5 5.0 97 

1.0 5.0 102 

NaC:H;02 0.01 6.85 4é 
0.05 7.4 67 

0.10 Ve 65 

0.50 ‘Br f 70 

1.0 7.8 75 

Na2B,0; 0.01 9.15 83 
0.05 9.15 88 

0.10 9.2 91 

0.15 9.2 94 


* Observed at an instrument sensitivity corresponding to a galvanometer deflec- 
tion of 42 scale divisions for a 0.024 mg. per cent quinine sulfate standard. 


in all cases. Since the fluorescence of the oxidation product is constant 
between pH 4 and 9.5, the observed differences probably represent specific 
ion effects. Fluorescence measurements were made at an instrument 
sensitivity corresponding to a galvanometer deflection of 42 for a 0.024 mg. 
per cent quinine sulfate standard. The salt solutions themselves do not 
give a measurable fluorescence at this sensitivity. 

An interesting effect is observed in the concentration series for sodium 
acetate, in which a definite minimum is observed at about 0.1 Mm. A similar 
effect is evident in sodium tetraborate solutions in which the initial loss due 
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to ‘‘quenching”’ in 0.01 M solution is restored at 0.1 m (about 4 per cent), 
and at higher concentrations the fluorescence may exceed that of the water 
solution. 

The extreme “quenching” effects of acetate and phosphate ions empha- 
size the importance of rigid control in the analytical procedure. Such ob- 
servations point to the necessity of comparing fluorescence intensities under 
identical or reasonably identical conditions. It is for this reason that 
the Florisil eluate is titrated to pH 4 and buffered in acetate before com- 
parison with the standards of Fig. 1. 


Adsorption-Elution 


General—Barium and calcium carbonates do not adsorb PGA from 
neutral or weakly alkaline solutions. Both PGA and its oxidation product 
are partially adsorbed on Decalso and on tricalcium phosphate from neu- 
tral or weakly acid solutions. The adsorption of PGA on Magnasol! 
at pH 4 to 5 appears to be quantitative. A number of ion exchange resins 
were tested for adsorptive capacity, but in all cases these were sufficiently 
soluble to give excessive and variable “‘blank”’ fluorescence readings. 

Florisil—Both PGA and its oxidation product are quantitatively ad- 
sorbed on Florisil at pH 4. Both are recovered in greater than 90 per cent 
yield with the recommended elution procedure. Under these conditions 
riboflavin is adsorbed but not recovered from the column. Xanthopterin 
is adsorbed and is recovered in good yield. Xanthopterin, however, does 
not interfere with the method, since permanganate oxidation, prior to 
adsorption, converts it to leucopterin which does not fluoresce appreciably 
under these conditions. 

The quantitative nature of the adsorption of the PGA oxidation product 
is illustrated in Columns 2 and 3 of Table III, where the fluorescence 
intensities before and after adsorption are recorded for different PGA 
concentration levels. Columns 4 and 6 of Table III list the decrement 
in eluate fluorescence on addition of 40 per cent NaOH and the correspond- 
ing A values for PGA standards at the same final concentrations. The 
data are listed for triplicate determinations. The extent of recovery on 
elution is recorded in Column 7. 

The data were obtained as follows: 10.0 ml. of solution containing the 
indicated total concentrations of PGA were buffered at pH 4 by the addi- 
tion of 0.1 ml. of 2.5 m acetate buffer and oxidized by the standard tech- 
nique previously described. The intensity of fluorescence following oxida- 
tion was recorded and the solution was passed through about 12 cm. of 
Florisil in an adsorption column. The columns were washed with two 
10 ml. portions of 0.25 m acetate buffer. The fluorescence intensities of 


‘Supplied by the Westvaco Chemical Corporation, New York. 
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the first filtrates and of the washings were determined and recorded. The 
columns were then eluted with four 5 ml. portions of boiling 4 per cent 
sodium tetraborate solution. The eluate was titrated to pH 4 to 4.5 by 
the addition of 1.7 ml. of 2 N HCl, and diluted to 25 ml. Then 0.25 ml. 


TaBLeE III 
Adsorption-Elution Recovery Data 








P¢ XA F luorescenc e I t . d crement 
nte , I luorescence e 
oxidized nsity 





and adsorbed | Pn PP 6 saronis = s Recovery 
(1) (2) (3) (4) “or | 6) (7) 
7 j | per cent 
25 | 86 0 78 
87 1.5 77 76.3 | 76.5 100 
86 0 4 ~=«| 
20 | 68 1 58 | 
| 67 / 0 58 | 58 | 59.5 | 97 
| 67 0 58 | | 
15 64 0 45 | 
| 55 0 45 | 45.7 | 47.5 96 
yy ea: : a | 
10 39 | QO 36 | | 
39 . 36 | 36 | 35.6 | 101 
39 | 0 36 | 
5 19 0 18 | | 
| 19 | #O 7 #+| «17.7 «*| «#47 | 104 
| 19 a 18 
1 39 | oO 30 
39 0 31 30 | 32 94 
| 39 0 29 
0.5 18 0 10 
18 0 10 ae =e 97 
19 0 12 





Fluorescence intensities for 0.5 and 1 y of PGA oxidized and adsorbed were de- 
termined at an instrument sensitivity corresponding to a deflection of 75 scale di- 
visions for a 0.0024 mg. per cent quinine sulfate standard. All other observations 
were made at a sensitivity of 75 units deflection for a 0.024 mg. per cent quinine 
sulfate standard. 

* Fluorescence intensities corrected for ‘‘blank’’ fluorescence of H,O controls. 

t Decrements corrected for ‘“‘blank’’ fluorescence of reagents and fluorescence of 
the oxidation product in alkaline solution. 


of 2.5 mM acetate buffer was added and the intensity of fluorescence de- 
termined on 1 ml. of this solution before and after the addition of 0.1 ml. 
of 40 per cent NaOH. 

The decrease in fluorescence intensity was compared with the A values 
of standard PGA solutions at the same final concentrations and at the same 
instrument sensitivities. 

The data in Table III indicate the essential completeness of the adsorp- 
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tion-elution step. Similar results have been obtained for the isolation of 
PGA. 

The PGA oxidation product may be adsorbed from volumes far in 
excess of 10 ml., complete recoveries having been obtained for 10 y of total 
oxidation product in as much as 200 ml. of solution passing the column. 
Similarly, washing in acetate buffer at pH 4 can be extended to remove 
contaminants without a corresponding loss of the oxidation product. 

The volume of eluting agent cannot be reduced below 20 ml. without a 
corresponding decrease in the recovery of oxidation product from the 
column. Elution at 30° and 60° is likewise incomplete. Two 10 ml. 
portions may be used in place of four 5 ml. portions of eluting agent with- 
out appreciable difference in recoveries. The use of successive small por- 
tions at 100°, however, minimizes cooling during elution. Steam-jacketed 
adsorption columns could be used to advantage at this step. 

Interfering Compounds—The direct method (measuring fluorescence in- 
crement after oxidation) may be applied without error in the presence of 
many of the B vitamins, purines, pyrimidines, and amino acids. Ribo- 
flavin, for example, in concentrations as high as 10 y per ml. is unaffected 
by the oxidation, and PGA is readily determined in admixture with it. 

In Table IV are listed many of the compounds which have been ex- 
amined for their behavior on permanganate oxidation. In Column 3 are 
recorded the observed fluorescence increments at the indicated concen- 
tration levels. For purposes of comparison, the A values given by a PGA 
standard ( 1 y per ml.) at the same instrument sensitivity are recorded in 
Column 4. 

From Table IV it can be seen that xanthopterin, isoxanthopterin, and 
pteroic acid interfere significantly with the determination of PGA with 
the direct method. When the PGA oxidation product is isolated by 
adsorption and elution, xanthopterin is converted to leucopterin which 
does not fluoresce. Isoxanthopterin is not widely distributed and is not 
a likely source of error. Pteroic acid, however, interferes in both methods, 
since it yields the same dibasic acid on oxidation as does PGA (and PGA 
conjugates). Similarly, high concentrations of tyrosine or tryptophan 
give erroneously high results in both methods. The products resulting 
from the oxidation of these amino acids are not completely removed in 
the adsorption-elution step. (They do not interfere, however, in the modi- 
fied procedure described in the section covering the application of the 
method to natural products.) Histidine does not interfere.” 

Pteroylglutamic acid can be determined in admixture with xanthopterin 
by a modification of the direct oxidation technique. The method depends 
on the preliminary conversion of xanthopterin to leucopterin by incuba- 
tion with the enzyme, xanthine oxidase. Subsequent permanganate oxida- 


*Vitamin Bi: does not interfere in either procedure. 








476 DETERMINATION OF PTEROYLGLUTAMIC ACID 


tion then gives the fluorescence increment characteristic of the PGA com. 
ponent of the mixture. 

Several applications of this method are listed in Table V, where the 
fluorescence intensities after incubation and the increments on subsequent 
oxidation are listed for mixtures of PGA and xanthopterin. The data 


TABLE IV 
Effect of Permanganate Oxidation on Fluorescence 


. . . Increment on 4, 17 BGA pet 
Substance Concentration oxidation prom Do. 
(1) (2) (3) (4) 
y per ml. 
RE re eer een 1 0 78 
10 0 78 
ES Nae de ae eee Aes iss 2 0 78 
10 2 78 
Nicotinic acid................ eielsice : 2 0 78 
10 0 78 
le a esi pd pa aod ai Siberia 2 0 78 
10 0 78 
EES ere ee ee ere Li 10 0 78 
NN ooo a 6S tow winldn eie bee «s iets 10 1 78 
NG Ce Sirs bth Shdiiy nw sects ent Sia 200 1 78 
EE ae wee Pe supe 250 1 78 
pL-Phenylalanine................. ere 1000 0 78 
I cea ule a fia 2 oie o's 0 are 50 8 78 
1000 36 78 
eee ve 1000 65 78 
I 8 eb Sel ital e's 5/5. kgs ed Fo. dd as 1 1 78 
10 15 78 
N'-Methylnicotinamide....... pba hares Uae 1 0 78 
10 2 78 
Ee a ee ee 1 —76 78 
Ne Ce ee ee 1 —15 11 
NS Moh ii i tats (ie bra er vais 3.4 | 0 35 
i ik ia al way wil 0.8 | 36 80 





* Supplied by the Research Laboratories of Merck and Company, Rahway, New 
Jersey. 


were obtained as follows: 10.0 ml. aliquots of standard solutions containing 
the indicated concentrations of xanthopterin and PGA were buffered to 
pH 6.3 by the addition of 1.0 ml. of 0.1 m phosphate buffer. The solution 
was then incubated for 60 minutes at 37° with 0.04 ml. of a xanthine 
oxidase preparation. (The enzyme was prepared according to the method 
of Ball (5) and was suspended in 4 m (NH,)2SO,. 0.04 ml. of this suspen- 
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sion completed the enzymatic oxidation of 10.0 ml. of a 2 y per ml. xanthop- 
terin standard in 45 minutes at 37°.) Following incubation, 0.1 ml. of 
2.5 m acetate buffer was added and the intensity of fluorescence was de- 
termined before and after permanganate oxidation. In Column 5 are 
recorded the A values obtained by the above procedure for the same con- 
centrations of PGA at the same instrument sensitivity. 

The full fluorescence increment characteristic of the PGA oxidation 
product is recovered in all cases. Enzyme-free controls treated in the 
same way show a fluorescence decrement on permanganate oxidation. 

By determining the fluorescence decrement due to enzymatic oxidation 
in standard xanthopterin solutions, the method can be extended to give 
both the xanthopterin and PGA concentrations in a mixture. By compar- 
ing the loss of fluorescence on incubation with that of xanthopterin stand- 
ards, one determines the xanthopterin concentration of the solution. The 











TABLE V 
Determination of PGA on Admizture with Xanthopterin 
| Fluores- | Intensity | A values 
Solution cence after Increment, of PGA 
after oxidation control 
incubation 
(1) | (2) (3) (4) (5) 
0.83 y PGA + 0.33 y xanthopterin per ml...... 21 48 Zi | Se 
eee se (Ol | ie - een uiet AP, Name 3 58 33 33 
1.0 cc “cc + 1.0 ‘ec “cc iad “cc tg all 14 43 28 28 
|: SM et SP ite + ge eres) ee > 47 35 | 35 


ae ORS e eR ee 15 58 43 


43 
subsequent increment on permanganate oxidation is proportional to the 
PGA concentration. 

Application of Method—Application of Method II to water extracts of 
some natural products gave the results indicated in Table VI. The pro- 
cedure was as follows: The weighed sample was ground with water for 5 
minutes in a Waring blendor. The resultant suspension was brought to 
the indicated concentration and heated in a 100° water bath for 15 minutes. 
After filtration, 10 ml. aliquots of the clear filtrate were oxidized ac- 
cording to the standard procedure and passed through Florisil columns. 
Columns were washed with 50 ml. of 0.25 m acetate buffer and eluted 
with four 5 ml. portions of boiling 4 per cent sodium tetraborate solution. 
Eluates were titrated to pH 4 to 4.5, diluted to 25 ml., and buffered at 
pH 4 by the addition of 0.25 ml. of 2.5 m acetate buffer. The fluorescence 
intensities were determined on 1 ml. of these solutions before and after 
the addition of 0.1 ml. of 40 per cent NaOH. 
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The decrement in fluorescence intensity was then calculated. The 
corresponding PGA concentrations were read from the standard curves 
of Fig. 1. 

In Column 4 of Table VI are recorded the PGA concentrations in the 
filtrates as determined by microbiological assay with Lactobacillus casei, 
(The method used was essentially that of Roberts and Snell (6) as modi- 
fied by Olson, Fager, Burris, and Elvehjem (7).) Since both methods of 
analysis were applied to the filtrates obtained after heating the suspen- 
sions, the analytical data are expressed as y per ml. rather than as y per 
gm. of sample. This permits a comparison of the methods without the 
additional assumption that the extraction procedure was completely effec- 
tive in releasing bound PGA from the tissues examined. 

The results obtained by the chemical method are listed in Column 3 
of Table VI. They are higher than the microbiological results in all 
cases, although the agreement is fair for the four samples listed. The 


TaBLe VI 
PGA Content of Natural Extracts 





| Conceatration PGA content of filtrate, y per ml. 





Sample of suspension = | ———_________—_- 
| Chemical Microbiological 
(1) | (2) | (3) (4) 

gm. per ml. 
Ry Sako OT asi tee | 0.5 0.29 0.23 
RTE ER Sen Rte >a 0.5 0.27 0.20 
Se Oe eee eee | 0.5 0.29 0.20 
INS au esc Cade oxi 0.4 0.13 0.10 





discrepancy may be due, in part, to the presence of PGA conjugates, 
6-pteridyl aldehyde, pteroic acid, or other PGA hydrolysis products in the 


Se 





extracts examined. (Such compounds would not produce a growth re- | 


sponse in PGA-~deficient lactobacilli.) High concentrations of tyrosine and 
tryptophan also interfere with the method, since their oxidation products 
are fluorescent and follow the recommended adsorption-elution procedure. 

In certain natural extracts, therefore, a more specific isolation of the 
PGA oxidation product is required. This can be achieved as follows: 
The Florisil eluate is titrated to pH 5, brought to 25 ml., and buffered 
with 0.25 ml. of 2.5 m acetate buffer (pH 5.0). The intensity of fluo- 
rescence of the solution is determined before and after the addition of 
about 0.5 gm. of Magnasol (prewashed with acetate buffer of pH 5). The 


decrement in fluorescence intensity represents the specific adsorption of | 


the PGA oxidation product. If a further check is desired, the oxidation 
product may be eluted from the Magnasol with four 5 ml. portions of boil- 
ing 4 per cent sodium tetraborate solution, and the fluorescence decre- 
ment between pH 4 and 14 determined as before. 
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Application of this modified procedure to yeast extracts gives ana- 
lytical results in satisfactory agreement with the PGA concentrations as 
determined by microbiological assay. 

The recovery of added amounts of PGA from the filtrates, according to 
Method II, is essentially complete in all cases. In Table VII are recorded 
the fluorescence decrements (— A) of the filtrates and of ‘‘recovery” sam- 
ples containing the indicated added amounts of PGA. The difference 
between the decrement observed in the “recovery” sample and that ob- 
tained in the original filtrate is given in Column 4. In Column 5 are 


Tasie VII 
Recovery of Added PGA in Extracts of Natural Products 





PGA added | Finorescence| Decrement | —A of PGA 














Sample ee observed | difference* control Recovery 
(1) |: iio | (5) (6) 
7 | | per cent 
RN Sic isc ca Sesh atnteds 0 11.5 
| 4 21.0 10.5 10.5 100 
8 30.5 19.0 20.5 93 
| 10 37.0 25.5 27.0 95 
| 20 56.0 44.5 | 46.5 96 
eT Ui) a 0 3.5 | 
| 2.5 10.3 G2 || 7.0 | 97 
| 5.0 18.0 14.5 14.5 | 100 
| 10 29.0 25.5 27.0 | 94 
| 20 50.5 47.0 46.5 | 102 
PEM o oO R EE ee eee | 0 35.0 
| 12 65.5 30.5 31.5 | 97 
EINES. (25.5 o cr tut: Bed ee | 0 8.5 | 
3 17.0 8.5 | 8.5 100 
RIE ee os cree eer 0 27.0 | | 
4 37.0 | 10.0 | 10.5 95 
Milk 0 38.0 | | 
3 46.0 8.0 8.5 94 





* Average of three determinations. 





recorded the corresponding —A values of PGA standards at the same final 
concentrations and at the same instrument sensitivity. The percentage 
recovery of the added PGA is given in Column 6. The recoveries of 
added amounts of PGA from the filtrates are greater than 90 per cent in 
all cases. 


DISCUSSION 


The methods described do not include an efficient procedure for extract- 
ing bound PGA from tissues. Preliminary experiments indicate that 
PGA is stable to autoclaving (15 minutes at 15 pounds pressure) in neu- 


a 
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tral or faintly acid solutions (pH > 4.5) and in 0.005 to 0.01 N NaOH. 
It is partially hydrolyzed by autoclaving in 0.1 N alkali and almost com- 
pletely hydrolyzed in 0.1 N acid. The extraction procedures recom- 
mended for the microbiological method by Olson et al. (7) (heating in g 
boiling water bath for 3 minutes at pH 4.5 or 7; autoclaving at pH 4.5 for 
5 minutes) do not result in hydrolytic destruction of the vitamin as fol- 
lowed fluorometrically. However, it cannot be concluded that such meth- 
ods make possible the extraction of the total PGA content of natural 
materials. The effects of hydrolytic enzymes and the conjugases of hog 
kidney (8) and chicken pancreas (9) are currently being investigated. 

Solutions of PGA are not stable to prolonged standing or to exposure to 
direct sunlight. Since pure PGA does not fluoresce, it is likely that the 
observations of Villela (2) represent partial hydrolysis of his synthetic 
PGA standards. 

Inspection of the recovery data. and internal standardization curves for 
lettuce and beef muscle extracts indicates that the method is accurate 
within about +6 per cent. The precision in duplicate determinations 
by both procedures is about +3 per cent. 


SUMMARY 


1. By permanganate oxidation pteroylglutamic acid (PGA) is converted 
to 2-amino-4-hydroxypteridine-6-carboxylic acid which fluoresces strongly 
at 470 my when irradiated with light of wave-length 365 mu. The in- 
crement in intensity of fluorescence is directly proportional to PGA con- 
centration over a wide range. (a) In the absence of fluorescent pigments 
which are altered by permanganate oxidation, the reaction may be stand- 
ardized to permit the determination of PGA in concentrations between 
0.01 and 10 y per ml. (b) When interfering pigments are present, the 
oxidation product may be isolated chromatographically. Its concentra- 
tion is then determined by the decrease in intensity of fluorescence be- 
tween pH 4 and 14. 

2. The variation of fluorescence intensity of the PGA oxidation product 
with pH and salt concentration is described. 

3. Results obtained by application of the fluorometric method to several 
natural extracts are compared with the analytical values obtained by 
microbiological assay with Lactobacillus caset. 
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LIVER GLUTAMINASES 
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(From the National Cancer Institute, National Institutes of Health, Bethesda, 
Maryland) 
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The enzymatic desamidation of glutamine in rat liver digests is con- 
siderably accelerated by added a-keto acids (1-5) and by added phosphate, 
arsenate, and sulfate (6, 7). Aqueous rat liver extracts brought to pH 5.5 
or heated at 50° for a brief period of time and then neutralized or cooled 
lose nearly entirely the capacity to desamidate glutamine in the presence 
of added phosphate but not in the presence of added pyruvate (4). On 
the basis of these observations, it was suggested (4) that the desamidation 
of glutamine in rat liver was accomplished by two different enzyme sys- 
tems, one activated by phosphate, the other by pyruvate. The proof of 
this possibility could, however, only be obtained by a physical separation 
of the enzymes concerned. This has been accomplished by fractionation of 
rat liver into two separate enzyme preparations, one of which possesses 
the capacity to desamidate glutamine in the presence of phosphate, but 
not in the presence of pyruvate (glutaminase I), and the other to desamidate 
glutamine in the presence of pyruvate, but not in the presence of phosphate 
(glutaminase II). During the course of these experiments a third fraction 
was obtained which was active in the desamidation of asparagine but not in 
that of glutamine. This partially purified enzyme was found to be active 
only in the presence of a variety of salts, and its description will form the 
basis of a future communication. 


Methods 


Assays—The fractionation procedure was followed by assays performed 
under the following conditions: (a2) The pH of the buffer was optimal 
(pH 8.0 for glutaminase I, pH 7.7 for glutaminase IT), (b) the concentration 
of the active protein and substrate chosen was such that the rate of hy- 
drolysis was proportional to enzyme concentration, and (c) if cosubstrates 
or activators were used, the molarity chosen corresponded to their maxi- 
mum accelerating effect on the rate of desamidation (1-7). 

Analytical Methods—Desamidation was followed by the rate of am- 
monia formation as determined by nesslerization after aeration into sulfuric 
acid traps or by the micro diffusion technique. The colors were compared 


* Research Fellow, National Cancer Institute; on leave from the University of 
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with a universal Coleman spectrophotometer at a wave-length of 4600 A. 
All determinations were made in duplicate and checked to within 2 or 3 
of ammonia nitrogen. The relative activity of the various fractions is ex- 
pressed as the micromoles of amide nitrogen hydrolyzed in 1 hour by a 
quantity of preparation containing 1 mg. of nitrogen. 

The t-glutamine employed was donated by the Lederle Laboratories, 
American Cyanamid Company. When hydrolyzed at 100° for 5 minutes 
in 5N HCl, 95 per cent of theoretical amide nitrogen was recovered. 

Pyruvic acid was obtained from the Eastman Kodak Company, and 
the sodium salt was crystallized from an alcoholic sodium hydroxide 
solution (7). 

General Procedure—If not otherwise stated, the incubation mixtures 
consisted of 4 cc. containing 14.6 um of glutamine, 46 um of sodium pyruvate, 
or 100 um of sodium phosphate, and from 0.5 to 1.0 mg. of protein nitro- 
gen. The digests were buffered with 0.015 M veronal-acetate buffer. 


TABLE | 
Recovery of Original Activity of Crude Rat Liver Homogenate after Centrifugation 








Fraction Preparation No. Glutaminase I Glutaminase II 
we per cent per cent 
Supernatant 1 39 80 
2 34 60 
3 25 

Sediment 1 66 20 
2 56 16 
3 80 


Blanks were run in the presence of the amide alone without added ac- 
tivator, but in the partially purified preparation their values were generally 
negligible (1 to 3 y of ammonia). 

Separation of Glutaminases I and II—The essential basis of the separa- 
tion of the two glutaminases lies in the fact that when a homogenate of 
fresh rat liver is subjected to high speed centrifugation glutaminase I ac- 
tivity is found largely in the sediment, while glutaminase II activity is 
found largely in the supernatant. 

The homogenates of rat liver are prepared by mixing the fresh tissue 
in the Waring blendor for 3 to 5 minutes with 3 to 4 times the weight of 
water and crushed ice. The pH of this homogenate is then brought toa 
value of 7.5 to 8.0 with dilute NaOH. When this homogenate is centri- 
fuged for 1 hour at 60,000 X g in a refrigerated Sharples centrifuge, the 
distribution of enzymatic activity between sediment and supernatant oc- 
curs in a manner shown in Table I. The sediment is worked up for the 
preparation of glutaminase I. 
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Preparation of Glutaminase I—The sediment from the above centrifuga- 
tion is dispersed in several volumes of water, allowed to stand for 1 hour, 
and then centrifuged in the refrigerated Sharples centrifuge. The super- 
natant is discarded. This procedure is repeated in the presence of 0.05 m 
KCl. For assay, the final sediment is suspended in water. Approximately 
25 to 30 per cent of the original activity of the crude homogenate is re- 
covered. Some of the activity may have been lost in the different super- 
natants, owing possibly to incomplete sedimentation of the particles at 
each step, and possibly to partial extraction of the enzyme. 

On a nitrogen basis, the activity is concentrated about 3-fold. No at- 
tempt was made to purify the preparation further, since its glutaminase 
activity was accelerated by added phosphate but not by added pyruvate, 
and hence it possessed glutaminase I activity and no glutaminase II 
activity. 

Preparation of Glutaminase II—The supernatant from the original 
centrifugation of the crude liver homogenate can be further fractionated 
to yield glutaminase II. It has been found, however, that a more efficient 
and cleaner fractionation is achieved through a preliminary treatment of 
the homogenate with ethanol at low temperature. The crude homogenate 
is therefore treated at —10° with cold 50 per cent ethanol to a final aleohol 
concentration of 20 per cent. The mixture is permitted to stand at —10° 
for 12 hours and then centrifuged in the refrigerated Sharples centrifuge. 
The sediment is discarded. 

The supernatant is then brought to pH 5.3, allowed to stand for 2 hours, 
and then centrifuged in the Sharples centrifuge. The supernatant is 
discarded. The sediment, which contains most of the glutaminase II 
activity, is mixed with 3 volumes of water and crushed ice in a Waring 
blendor, and the mixture allowed to stand for 2 hours at 0° and then centri- 
fuged in an International refrigerated centrifuge for 30 minutes. The 
enzyme activity is now found in the supernatant.! 

This supernatant is adjusted to pH 6.5 and solid KCl is added to a final 
concentration of 0.05 m. An equal volume of chilled 70 per cent ethanol 
is added, and the alcoholic mixture allowed to stand for 12 hours at —15°. 
The mixture is centrifuged in the Sharples centrifuge and the supernatant 
discarded. 

The sediment from the above operation is suspended in water at pH 6.8, 
and allowed to stand for several hours to extract the enzymatic activity. 


‘The sediment from this operation contains asparaginase activity. It is washed 
in 0.04 N acetate buffer at pH 5.3, and then extracted overnight with 3 times its 
volume of 0.05 m KCl at pH 6.2. After removal of the insoluble material by cen- 


trifugation the supernatant may be employed for the preparation of asparaginase 
free from glutaminase. 
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After centrifugation in the Sharples centrifuge, the sediment is discarded 
and the chilled supernatant treated with an equal volume of chilled 70 
per cent ethanol. After standing for 12 hours at —15°, a small, inactive 
precipitate is discarded by centrifugation. The supernatant is treated 
with solid KCl to a concentration of 0.05 mM, brought to pH 5.3, and allowed 
to stand for 2 hours. The mixture is centrifuged in the refrigerated 
Sharples centrifuge and the supernatant discarded. 

The sediment is suspended in 4 volumes of cold water and allowed to 
extract in the cold. After centrifugation, the sediment is discarded, and 
the supernatant adjusted to pH 6.6 and treated with 75 per cent ethanol 
to a final alcohol concentration of 12.5 per cent. A small inactive precipi- 
tate is discarded. The pH is then adjusted to 5.4 and an abundant active 


TABLE II 
Activity of Purified Enzyme Preparations 





Glutamine hydrolyzed 








Preparation Salt added* per hr. per mg. N 
uM 
Original homogenate None 0.15-0.25 
Phosphate 0.65-0.95 
| Pyruvate 0.45-0.75 
Glutaminase I None | 0.45 
Phosphate 1.93 
Pyruvate 0.0 - 
os II (Fraction | None | 0.0 
IIb) | Phosphate | 0.0 
Pyruvate | 10.4 





* Phosphate added, 100 um; pyruvate added, 46 um. 
precipitate appears, which is immediately centrifuged in the Sharples centri- 
fuge. This sedimented precipitate is extracted with 4 volumes of water, 
centrifuged, and the supernatant designated as Fraction IIa (relative ac- 
tivity, 8.3; 20 per cent of initial activity of crude homogenate recovered). 
If the alcohol concentration of this supernatant is increased to 30 per cent, 
a precipitate forms which, after centrifuging and solution in water, yields 
a fraction designated Fraction IIb (relative activity, 10.4). 

Two other preparations obtained by similar procedures possessed rela- 
tive activities of 5.4 and 6.5 (Fractions I and III respectively). 

The absolute separation of glutaminase I and glutaminase II activity 
is shown in Table II. 


Studies on Glutaminase II 


Effect of pH—The effect of pH on desamidation of glutamine by 
glutaminase II was investigated. The maximum rate of desamidation 
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was found to be near pH 7.7. Below pH 5 and above pH 10 only about 
10 per cent of the maximum activity was noted. The pH optimum noted 
for digests with crude tissue extracts was 7.2 (5) (Fig. 1). 

Time Curve of Reaction—Experiments in which the desamidation of 
glutamine was followed for a period of several hours revealed that (a) 
the substrate is almost completely hydrolyzed in 3 hours, and (b) the 
rate of hydrolysis is practically constant until 50 per cent of the substrate 
is split (Fig. 2). 

Effect of Enzyme Concentration—The rate of hydrolysis was proportional 
to protein concentration up to a value of approximately 600 y of protein 


GLUTAMINASE I 


MICROMOLES AMMONIA NITROGEN 











Fig. 1. Effect of pH on glutaminase II activity. The digests consisted of a total 
volume of 5 cc. containing 14.5 um of glutamine, 23 um of pyruvate, 1.25 mg. of protein 
nitrogen in 0.024 m veronal buffer (Fraction I). 


nitrogen (Fig. 3). The flattening of the curve at higher protein concen- 
trations might be due to the need for more pyruvate for maintenance of 
optimal activity, as the amount of enzyme becomes excessive. 

Order of Reaction—Enzymatic activities were calculated from the initial 
reaction rates, obtained from a family of curves of hydrolysis against time 
determined at a low glutamine concentration and at different pyruvate 
concentrations. These data fitted a first order curve and rate constants 
were calculated for each pyruvate concentration from the equation 





where K = the rate constant, a the per cent of total available substrate 
hydrolyzed in time ¢ (Table III). 
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Fia. 3. Effect of enzyme concentration on glutamine desamidation by glutaminase 
II. The digests consisted of a total volume of 6 cc. containing 14.6 um of glutamine, 


23 um of sodium pyruvate, and protein Fraction III in 0.01 m veronal-acetate buffer 
at pH 7.7. Incubation period 60 minutes. 


Oo 





io) 


Influence of Glutamine Concentration—Influence of glutamine concen- 
tration is illustrated in Fig. 4. The data show that saturation of enzyme 
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TasB_e III 
First Order Reaction Constants for Glutaminase II Activity at Low Glutamine 
Concentration* 

Pyruvate, 0.48 um Pyruvate, 1.37 uM Pyruvate, 2.92 um 
Time - K | Time a K Time er K 
min. | min. min 

17 | 0.00143 14 / 0.00307 15 0.00470 

33 | 0.00112 33 0.00300 30 0.00457 

63 0.00129 64 0.00340 | 61 0.00458 
129 0.00100 131 | 0.00386 | 125 0.00443 
182 0.00112 185 0.00304 189 0.00245 

Mean 0.00119 0.00327 0.00456 





| * The digests consisted of 2 cc. containing 1.4 um of glutamine and the indicated 
amounts of pyruvate in 0.015 m veronal-acetate buffer at pH 7.7 plus water to bri g 
to volume. Fraction Ila, 0.418 mg. of protein N. 
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Fic. 4. Effect of substrate concentration on glutaminase II activity. The 
digests consisted of 2 cc. containing 46 um (@) or 4.6 um (X) of sodium pyruvate plus 
1inase protein Fraction III in 0.150 m veronal-acetate buffer at pH 7.7; 1 mg. of protein 
mine, nitrogen. Incubation period 90 minutes. 
buffer 


towards substrate occurs at a glutamine concentration approximately 5 
eaiiie times lower for the digest containing 10 times less pyruvate. 
zyme | Pyruvate Recovery—It has been reported (1-5) that the pyruvate added 
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to digests of tissue and glutamine could be nearly quantitatively recovered 
at the end of the reaction. Repetition of these experiments with purified 
glutaminase II and low pyruvate concentrations revealed no appreciable 
disappearance of the keto acid. 

These experiments were performed with 2 cc. digests containing 7.3 um 
of glutamine, 4.53 um of sodium pyruvate, and 1.05 mg. of protein nitrogen 
(Fraction IIb) in 0.015 m veronal-acetate buffer at pH 7.7. Sodium py- 
ruvate was determined as the 2,4-dinitrophenylhydrazone as previously 
described (6). At 0, 90, and 190 minutes of incubation, 4.48, 4.12, and 
4.08 um of pyruvate were recovered, respectively. 


TABLE IV 
Effect of Inhibitors on Glutaminase II* 














Substance added Glutamine hydrolyzed | Inhibition 
uM | per cent 

EE BOP a ae 2.6 | 
Potassium cyanide.............. | 0.0 | 100 
Sodium iodoacetate............. | 0.0 100 

“  thioglycolate...........! 1.95 25 

oc cic hE ey ks 1.85 | 29 
et Sn on sy va ae en 0.56 77 
Sodium fluoride................. 2.55 0 
Potassium iodide............... 1.83 30 





* The digests consisted of 2 cc. containing 7.3 um of glutamine, 23 um of pyru- 
vate, 50 um of inhibitor, and 0.192 mg. of protein N (Fraction IIa) in 0.015 m 
veronal-acetate buffer at pH 7.7, plus water to bring to volume. Incubation 
period, 90 minutes at 37°. 


Approximately 90 per cent of the added pyruvate was recovered at the 
end of the experiment. This is about the same recovery obtained after 
incubation of pyruvate with a preparation containing no glutamine. 

Inhibition Studies—In order to characterize this enzymatic system 
further certain reagents were tested for their possible inhibitory effect. 
The results of these studies are shown in Table IV. Inhibition by KCN 
and iodoacetate is at least partly reversible, since dialysis of the solution of 
enzyme plus inhibitor for 3} hours restored 40 per cent of the activity in 
the case of KCN and 75 per cent with iodoacetate. Complete inhibition 
was noted with 0.012 m KCN. 

Action on Isoglutamine and Asparagine—Glutaminase II has very little 
effect on asparagine. Isoglutamine, which is very rapidly hydrolyzed by 
crude liver extracts (2), is also hydrolyzed by glutaminase II (Fraction 
IIb). The relative activity found for this substrate was 4.1 under con- 
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ditions identical with those given in Table II. No appreciable accelera- 
tion of the desamidation of this a-amide was found in the presence of 
pyruvate. 

Dehydropeptidase Activity—As a possible condensation between glutamine 
and the keto acids to form an intermediary dehydropeptide had previously 
been suggested as an explanation for this enzymatic reaction (1), it was 
thought of interest to test glutaminase II preparations for dehydropep- 
tidase activity. 2 cc. digests containing the following were incubated 
for 60 minutes: 6.25 um of dehydropeptide and 0.195 mg. of protein nitro- 


GLUTAMINASE IL 
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MICROMOLES PHENYLPYRUVIC ACID 





Fic. 5. Influence of phenylpyruvic acid on the desamidation of glutamine by 
glutaminase II. The digests consisted of 2 cc. containing 7.3 um of glutamine and 
0.167 mg. of protein nitrogen (Fraction IIb). 


gen of Fraction IIb in 0.015 m veronal-acetate buffer at pH 7.7. It was 
found that, whereas glycyldehydroalanine and chloroacetyldehydroalanine 
are relatively slightly hydrolyzed (relative activity, 5.0 in both cases), 
alanyldehydroalanine is still split at an appreciable rate (relative activity, 
17). However, no definite conclusions can be drawn from these facts, 
because the possible dehydropeptide arising from the condensation of 
glutamine and pyruvic acid would not necessarily be hydrolyzed by the 
same enzyme as any of the dehydropeptides tested. 

Phenylpyruvate—It had previously been found that sodium phenyl 
pyruvate was capable of accelerating the desamidation by crude liver ex- 
tracts (5). The same phenomenon was observed with the partially puri- 
fied preparation (Fig. 5). 
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DISCUSSION 


Fractionation experiments herein reported have led to the separation 
of two different enzyme systems from rat liver which are capable of hy- 
drolyzing the amide group of glutamine under different conditions. One 
system is active in the presence of phosphate, the other in the presence of 
pyruvate. The systems have been designated glutaminase I and glu- 
taminase II, respectively. 

Glutaminase I—In earlier studies it had been shown that the rate of 
desamidation of glutamine was considerably accelerated in the presence 
of phosphate, arsenate, sulfate, and ethyl phosphonate in liver, spleen, and 
brain extracts (6, 7). Glutaminase I, which is apparently bound to in- 
soluble tissue particles in the liver and kidney, hydrolyzes glutamine more 
actively in the presence of added phosphate than in its absence. It is pos- 
sible that similar preparations could be obtained from brain and spleen 
extracts and that sulfate, arsenate, and ethyl phosphonate might also be 
found to be activating agents. This, however, awaits further study. It 
is difficult to decide whether the activity of crude tissue extracts towards 
glutamine in the absence of added salt is due to activation by tissue electro- 
lytes. Extensive dialysis (7) or washing of the active insoluble material 
does not result in complete loss of activity in the absence of added phos- 
phate. It is possible that inorganic phosphate liberated from tissue com- 
ponents, such as nucleic acid, during the course of incubation may serve 
as an activator in initially phosphate-free media. 

Glutaminase IJ—Glutaminase II activity appears to be an exclusive 
liver function. It has been found only in hepatic tissues, whether fetal, 
adult, or neoplastic (4). The enzyme is water-soluble and when partially 
purified is not active in the absence of added a-keto acids. Pyruvate, 
phenyl pyruvate (5), and a-ketoisocaproic acid (8) have been found to 
activate the enzyme in crude extracts. No activation was found with 
crude extracts with added pyruvoylglycine, lactic acid, or levulinic acid. 
The desamidation of isoglutamine, like other a-amides, is not accelerated 
by added pyruvate (3). The reaction thus seems to concern the y-amide 
group of the amino acid amide and the a-keto group of the keto acid, 
which in this case appears to play the réle of a cosubstrate and is fully 
recovered at the end of the reaction. 

The mechanism of activation of glutaminase by pyruvate is not yet 
clear. The hypothesis of Greenstein and Carter (1), involving a pre- 
liminary condensation of glutamine and keto acid on the surface of the 
enzyme to form a susceptible dehydropeptide, followed by enzymatic 
hydrolysis of this intermediate, while plausible is not yet proved. It 
is also conceivable that pyruvate might function as a coenzyme, and that 
enzymatic activity is dependent upon the formation of a reversible en- 
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zyme-pyruvate complex. Further study of the pyruvate activation of 
glutaminase is necessary in order to elucidate this mechanism. 


SUMMARY 


1. Aqueous liver extracts have been separated into two distinct frac- 
tions, designated glutaminases I and II, which are capable of hydrolyzing 
glutamine under different conditions. 

2. Glutaminase I is activated by phosphate and not by pyruvate, and 
is bound to insoluble liver particles. 

3. Glutaminase II is water-soluble, active in the presence of sodium 
pyruvate, and not in the presence of phosphate. Sodium phenyl pyruvate 
also activates this enzyme. 


The author is very grateful for help and encouragement to Dr. J. P. 
Greenstein with whom it has been a stimulating pleasure to work, to Dr. 
J. Shack for valuable advice during the fractionation and kinetic studies, 
and to Dr. A. Meister for useful criticisms of the manuscript. 
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PHOSPHATE-ACTIVATED GLUTAMINASE IN KIDNEY AND 
OTHER TISSUES 
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Glutaminase I is the designation given the enzyme in rat liver, brain, 
and spleen extracts which is accelerated by added phosphate or arsenate 
(1-3) to distinguish it from liver glutaminase II which is active only in 
the presence of added a-keto acids (8-5). At a final concentration of 
added phosphate or arsenate of 0.01 m, the desamidation of glutamine in 
aqueous extracts of rat liver, brain, and spleen is considerably accelerated, 
whereas that in extracts of kidney is apparently unaffected (5). We 
have, however, subsequently noted that an appreciable phosphate and 
arsenate activation of rat kidney glutaminase can be demonstrated in 
extracts more diluted, and at concentrations of phosphate or arsenate 
more elevated, than those employed heretofore. The characteristics of 
this activation, and extension of the phenomena to other tissues in various 
species, are described. 


EXPERIMENTAL 


The t-glutamine employed was a gift of the American Cyanamid Com- 
pany. Unless otherwise stated, the digests consisted of 1 cc. of fresh 
aqueous tissue extract, 2 cc. of 0.14 m veronal-acetate buffer, and 1 cc. of 
either glutamine solution at the concentration designated or distilled 
water. The extract was prepared by grinding the fresh tissue with sand to 
a paste, taking up the material in the desired quantity of distilled water, 
and lightly centrifuging to remove sand and tissue débris. The extract 
was always immediately employed. The veronal buffer contained 0.13 m 
sodium chloride. Sodium hydrogen phosphate or arsenate was dissolved 
in this buffer when desired, and the pH subsequently adjusted with either 
NaOH or HCl. Glutamine solutions in distilled water were prepared 
daily. Enzymatic activity at 37° was followed by measuring the am- 
monia evolved during the course of the reaction (1-5). No measurable 
ammonia was evolved in digests of extracts which were heated at 100° 
for 10 minutes, cooled, and incubated 1 hour at 37° with glutamine and 
phosphate (cf. (1)). 


* Research Fellow, National Cancer Institute; on leave from the University of 
Brussels, Belgium. 
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Effect of Various Phosphate and Arsenate Concentrations on Rat Kidney 
Glutaminase I—A series of digests was prepared containing a 2 per cent rat 
kidney aqueous extract, with two different concentrations of glutamine, and 
with added phosphate or arsenate to yield various concentrations at a 
carefully adjusted constant pH of each digest of 8.0. The data are given 
in Fig. 1. 

A maximum activation by added phosphate is apparently attained at 
0.05 to 0.06 mM concentration when 14 uM of glutamine were employed, and 
at 0.10 to 0.12 m concentration when 28 um of glutamine were employed 
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Fic. 1. Effect of phosphate and arsenate concentration on glutamine desamida- 
tion. The digests included 1 cc. of aqueous rat kidney extract containing 20 mg. of 
tissue. Incubation period 1 hour at 37°. pH of each digest set at 8.0. The con- 
tinuous curves refer to 28 um of glutamine, the dotted curves to 14 um of glutamine 
in the digests. X = phosphate; @ = arsenate. 


(Fig. 1). For both concentrations of glutamine, the molar ratio of added 
phosphate to glutamine at the point of maximum activation is about 17. 
For rat liver and brain, this molar ratio is about 8 (2). Unlike extracts of 
rat liver (1) and particularly brain (2), the glutaminase activity of which is 
very responsive to quite small amounts of added phosphate, extracts of 
rat kidney require much more added phosphate before an activation of 
the glutaminase activity becomes appreciable (Fig. 1). Like liver (1) 
and brain (2), when the activation by added phosphate of kidney glu- 
taminase has reached a maximum, further addition of phosphate produces 
no further acceleration in the enzymatic desamidation of glutamine. This 
flattening off of the phosphate concentration-glutaminase activity curves 
stands in marked contrast with the pyruvate concentration-glutaminase 
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activity curves with rat liver extracts (5), and purified preparations there- 
from (glutaminase II) (3), which decrease with increasing pyruvate after 
the optimal concentration has been reached. 

In the absence of added phosphate, the desamidation rates for the two 
concentrations of glutamine used are not very different (Fig. 1). With 
increasing concentration of phosphate, the desamidation at each concen- 
tration of glutamine increasingly diverges until at the maximum phosphate 
activation the ratio of desamidation of the higher to the lower concentration 
of substrate is about 1.8:1, or close to the ratio of 2:1 for the original 
substrate concentrations (Fig. 1). 

Arsenate also activates the desamidation of glutamine in rat kidney 
extracts (Fig. 1), but its effect is apparently weaker than that of phosphate 
within the concentration ranges studied. At higher concentrations, the 
activation by arsenate apparently approaches that of phosphate. 

The acceleration of glutamine desamidation by added phosphate and 
arsenate occurs in digests already containing 0.065 m NaCl. Sodium 
nitrate or pyruvate added to a final concentration of 0.2 m produces no 
activation of glutaminase activity in rat kidney digests (cf. (5)). 

Time Course of Reaction—With increasing time of incubation, and 
in the presence of added phosphate, the desamidation of glutamine ap- 
proaches the theoretical, limiting value of 12.5 to 13 um of substrate hy- 
drolyzed, based upon the purity of the glutamine preparation (about 
90 to 95 per cent as judged by a 1 minute HCl hydrolysis). In the ab- 
sence of added phosphate the desamidation proceeds relatively slowly 
(Fig. 2). 

pH-Activity Relation—The pH at which the optimal rate of desamida- 
tion of glutamine occurs in rat kidney digests, whether in the presence or 
absence of added phosphate, is close to 8.0 (Fig. 3). As in the case of 
liver (1) and of brain (2), the activation by phosphate does not alter the 
position of the pH-activity optimum. 

Inorganic Phosphate Concentration in Rat Kidney Extracts—Digests 
consisting of 1 cc. of fresh rat kidney aqueous extract equivalent to 330 
mg. of tissue, 2 cc. of veronal buffer, and 1 cc. of glutamine were incubated 
for 1 hour at 37°. The inorganic phosphate concentration at the beginning 
of the incubation period for six such digests varied from 0.0015 to 0.0019 m. 
After incubation, the corresponding range was 0.0021 to 0.0024 m. The 
kidney extracts employed in the enzyme studies reported were diluted a 
little over 16-fold from the above, and the phosphate concentrations were 
diluted approximately in proportion. The final phosphate concentra- 
tion in the digests described in Figs. 1 to 3 was therefore only negligibly 
affected by the inorganic phosphate inherently present in the dilute ex- 
tracts used. 
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MICROMOLES GLUTAMINE HYDROLYZEO 











10) | 2 3 4 
HOURS INCUBATION 
Fic. 2. Time course of phosphate activation of rat kidney glutaminase. The 


digests included 1 cc. of aqueous rat kidney extract containing 20 mg. of tissue. 
@ = added phosphate; X = no added phosphate. 
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RATE OF DESAMIDATION 














pH 
Fic. 3. pH-activity curve of phosphate activation. The digests consisted of 0.1 
cc. of rat kidney extract equivalent to 33 mg. of tissue, 0.5 cc. of veronal-acetate 
buffer, 0.5 cc. of either water or 0.1 m phosphate, 0.5 cc. of either water or 0.014 
glutamine solution, and 0.2 cc. of water. The ordinate is given in terms of micro- 
moles X 100 of glutamine hydrolyzed per minute under these conditions. @ = 
added phosphate; X = no added phosphate. 


Separation of Phosphate-Activatable Glutaminase (Glutaminase I) from 
Rat Kidney Extracts—The chilled tissue extract, equivalent to 330 mg. of 
fresh tissue per cc., was brought to pH 7.7 and centrifuged for 50 minutes 
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at 50,000 r.p.M. in the refrigerated Sharples centrifuge. Practically 
all of the phosphate-activatable glutaminase of the extract was recovered 
in the sedimentable fraction. The data are given in Table I. Based upon 
the activity per mg. of total N in the enzyme preparations, a 2- to 3-fold 
increase in glutaminase I was achieved by the centrifugation. In all re- 
spects studied, these results are similar to those obtained for glutaminase I 
in rat liver (3). 

Phosphate Activation of Glutaminase Activity in Tissues of Other Species 
—In order to obtain some information on how general the phenomenon of 
phosphate activation of glutaminase (glutaminase I activity) might be, 
extracts of various tissues of rats, mice, rabbits, and guinea pigs were 
studied in the presence and absence of 0.10 m added phosphate concen- 
tration. Suitable blanks to determine the preformed ammonia in the 
more concentrated tissue extracts were prepared, and appropriate correc- 


TABLE I 


Separation of Glutaminase I in Rat Kidney Extract* 





| NH:-N evolved 





Fraction ee ere: Ce eee a 
| No PO, PO. 
Y v 
UD A oe eee cee oa y 28 150 
SUING «nce evvecsceieemanne | 3 6 


en errs | 21 152 








* The digests consisted of 0.2 cc. of enzyme preparation, | cc. of 0.014 m glutamine 
solution, and 1 cc. of water or 0.1 mM phosphate. 
+t Made up to original volume. 


tions made in the data. The results of these studies are given in Table 
II, and represent data on twenty rats, forty mice, three rabbits, and four 
guinea pigs. The tissues from each of the rabbits and guinea pigs were 
studied separately. Certain tissues of the rat (spleen, brain) and all 
of the mouse tissues from a number of animals were pooled. The varia- 
tion between tissue samples studied under the same conditions in each 
species was about +10 per cent. 

In digests containing brain or spleen extracts from all four species, there 
is considerable activation of glutaminase by added phosphate. With 
extracts of kidney and liver, however, a marked activation occurs only in 
the case of the rat and the mouse. The glutaminase activity of extracts 
of the liver and kidney of the rabbit and guinea pig is relatively little 
affected by added phosphate. Phosphate added at 0.05 and 0.20 final 
molar concentration to extracts of rabbit and guinea pig kidney and liver 
gave results no different than at 0.10 m. 
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Fresh rabbit or guinea pig liver was homogenized with a little more than 
its weight of water, centrifuged lightly for 30 seconds, cold water was 
added to the supernatant to 3 times the weight of the tissue, and the mix- 
ture centrifuged for 1 hour in the refrigerated International centrifuge at 
18,000 r.p.m. The pellet was mixed with water and brought up to the 
original volume. Digests consisting of 1 cc. of this mixture, 2 cc. of veronal- 
acetate-NaCl buffer at pH 8.3, and 1 cc. of either water or 0.014 m glu- 
tamine solution were incubated for 1 hour. In the absence of added phos- 
phate, 1 to 2 um of glutamine was hydrolyzed by rabbit or guinea pig 
liver preparations. In the presence of phosphate added to 0.1 m final con- 
centration, 2 to 3 um of glutamine were hydrolyzed. In the absence of 


TaBLeE II 
Glutaminase Activity in Tissues of Various Species* 





| Glutamine hydrolyzed in 1 hr., um 
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* The digests consisted of 1 cc. of fresh aqueous tissue extract, 2 cc. of veronal- 
acetate-NaCl buffer with and without sodium phosphate, and 1 cc. of either water 
or 0.014 m glutamine solution. Final concentration of added phosphate, 0.10 m. 
pH 8.0 in each digest. Temperature 37°. 

t Each cc. of extract equivalent to 20 mg. of tissue. 

t Each cc. of extract equivalent to 330 mg. of tissue. 


phosphate, similar rat liver preparations hydrolyzed about 2 um of glu- 
tamine, and in the presence of added phosphate about 11 um of glutamine. 
Most of the phosphate-activatable glutaminase of extracts of rabbit, guinea 
pig, or rat liver is recoverable in the first sedimentable fraction and, on the 
basis of estimation of total N per unit volume, is concentrated by such 
sedimentation about 2- to 3-fold. 

In order to see whether there was any pyruvate-activated glutaminase ac- 
tivity (glutaminase II) in the livers of rabbits and guinea pigs, digests 
consisting of 1 cc. of aqueous liver extract equivalent to 330 mg. of fresh 
tissue, 1 cc. of veronal buffer at pH 6.8, 1 cc. of 0.014 m glutamine solu- 
tion, and 1 cc. of either water or 0.023 m sodium pyruvate solution were 
incubated for 4 hours at 37°. In the absence of added pyruvate, less 
than 0.5 um of glutamine was hydrolyzed. In the presence of pyruvate, 
1 to 2 um of glutamine was hydrolyzed by rabbit or guinea pig liver ex- 
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tracts. Under similar experimental conditions, and, in the presence of 
added pyruvate, extracts of rat or mouse liver hydrolyze about 10 um of 
glutamine (4-6). The glutaminase of rabbit and guinea pig liver is ap- 
parently not readily activated by added phosphate or pyruvate. 

The sedimentable fraction of rat liver (3) and of rat kidney (Table I) 
possesses significant glutaminase activity in the absence of added phos- 
phate; addition of phosphate results in a considerable increase in this 
activity. The sedimentable fraction of rabbit and guinea pig liver ex- 
tracts also possesses significant glutaminase activity, but addition of phos- 
phate does not result in a very appreciable acceleration of this activity. 
These results suggest that either (a) we have not yet found the appropri- 
ate conditions to demonstrate phosphate activation of the glutaminase 
of rabbit and guinea pig liver preparations, or (b) there is a third type 
of glutaminase for whose activity phosphate is apparently not essential. 
If the second of these possibilities is true, it would suggest that the phos- 
phate-activated glutaminase in the sedimentable fraction (glutaminase I) 
(3), like the pyruvate-activated glutaminase in the supernatant (glu- 
taminase II) (3), demonstrates activity only in the presence of these re- 
spective anions. On this assumption, glutaminase I is present in liver, 
kidney, brain, and spleen of rats and mice and in the brain and spleen of 
rabbits and guinea pigs, while glutaminase II is present in the livers of 
rats and mice; glutaminase I is relatively weak in rabbit and guinea pig 
kidney and liver, and glutaminase II similarly weak in rabbit and guinea 
pig liver. The presumably non-activatable glutaminase would be present 
in all tissues studied. 


SUMMARY 


1. Studies of the phosphate activation of glutaminase activity (glu- 
taminase I), hitherto studied in the tissues of the rat, have been extended to 
include other species. 

2. The glutaminase activity at pH 8.0 in aqueous extracts of rat and 
mouse kidney, liver, brain, and spleen and of rabbit and guinea pig brain 
and spleen is greatly increased by added phosphate. Under the same 
conditions, the glutaminase activity of extracts of rabbit and guinea pig 
kidney and liver and of the sedimentable fraction of rabbit and guinea pig 
liver is only slightly increased by added phosphate. 

3. Studies of the effect of various phosphate concentrations on the 
desamidation of glutamine in extracts of rat kidney revealed that a higher 
concentration of phosphate was necessary to achieve an appreciable ac- 
celeration of desamidation than was the case in extracts of brain or liver. 
The concentration of phosphate required to yield maximum acceleration 
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of glutaminase activity appeared to be proportional to the concentration 
of glutamine used. 

4. Arsenate also accelerated glutaminase activity in rat kidney ex- 
tracts but appeared to be relatively less effective than phosphate. 

5. The pH for maximum glutaminase activity in rat kidney extracts, 
in the presence or absence of added phosphate, was close to 8.0. 

6. Most of the phosphate-activatable glutaminase kidney extract can 
be recovered in the pellet after submitting the extract to a single high 
speed centrifugation. A 2- to 3-fold increase in activity was thereby 
achieved. 

7. The distribution of glutaminase activity among the tissues of various 
species is discussed. 
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PREPARATION OF t- AND p-ALANINE BY ENZYMATIC 
RESOLUTION OF ACETYL-pL-ALANINE 


By PAUL J. FODOR,* VINCENT E. PRICE, anv JESSE P. GREENSTEIN 


(From the National Cancer Institute, National Institutes of Health, Bethesda, 
Maryland) 


(Received for publication, October 29, 1948) 


Studies under way in this laboratory on the separation and characteriza- 
tion of intracellular peptidase systems of tissues have required the avail- 
ability of large stocks of optically pure amino acids for the synthesis of 
appropriate substrates. The observation that aqueous extracts of rat 
kidney rapidly hydrolyzed one of the isomers of acetyl-pL-alanine (1) sug- 
gested a simple, convenient, and rapid method of preparing L- and p- 
alanine in quantity and with a high degree of optical purity. 

Other enzymatic methods of resolution of racemic amino acids include 
that of asymmetric synthesis with aniline to resolve pi-phenylalanine (2), 
pi-glutamic acid (3), and pu-methionine (4), and by the use of p-amino 
acid oxidase to obtain L-alanine from pt-alanine (5, 6). The last method 
obviously involves the loss of pD-alanine. Studies by du Vigneaud and 
coworkers (7) have shown that acetyl-p-phenylaminobutyric acid is not 
hydrolyzed in the body of the rat. 


EXPERIMENTAL 
Preparation of L- and p- Alanine 


Acetyl-pL-alanine was prepared by heating 1 mole of pi-alanine with 1.5 
moles of acetic anhydride and 12 moles of glacial acetic acid for 2 hours on 
the steam bath (cf. (8)). The resulting solution was evaporated in vacuo 
to a syrup, and the residue treated several times with water. After the 
final evaporation, the residue was dissolved in the minimum amount of 
acetone. On chilling and scratching, acetyl-pL-alanine rapidly crystal- 
lized. The product was crystallized again from acetone and separated in 
the form of prisms; m.p. 136°; N found, 10.7 per cent; calculated, 10.7 per 
cent. The yield of pure product was about 40 per cent. 

A fresh hog kidney preparation was employed as the enzyme source. 
The initial crude homogenate of this tissue hydrolyzed 350 um of acetyl- 
DL-alanine per hour per mg. of N at a substrate concentration of 0.5 m, 
as compared with a similar homogenate of rat kidney which, under the 
same conditions, hydrolyzed 24 um of acetyl-pi-alanine. A moderate con- 


* Research Fellow, National Cancer Institute; on leave from The Hebrew Uni- 
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centration of enzymatic activity in the hog kidney homogenate wag 
achieved in the following manner: 4 kilos of fresh frozen hog kidneys were 
decorticated, and 3280 gm. of cortex ground in a Waring blendor and sus- 
pended in 8200 cc. of cold, distilled water. After being stirred for 1 hour 
in the cold and filtered through gauze, the extract was chilled, and 78 
per cent alcohol was added to a concentration of 15 per cent. After stand- 
ing for 12 hours at —6°, the mixture was centrifuged at 2600 R.P.M. in a 
refrigerated centrifuge for 45 minutes. The supernatant was taken to 30 
per cent alcohol, adjusted to pH 6.3, and allowed to stand for 12 hours at 
—15°. The mixture was then centrifuged in a Sharples refrigerated cen- 
trifuge at 50,000 r.p.m. The pH of the supernatant was lowered to 5.1, 
and the mixture allowed to stand for 12 hours. On centrifuging at 2600 
R.P.M., a pellet of material was obtained which hydrolyzed acetyl-pi- 
alanine at the rate of 1400 um per hour per mg. of N. 

The resolution was carried out in a mixture of 715 gm. of acetyl-pL- 
alanine, 360 cc. of 28 per cent ammonium hydroxide, and sufficient water 
to bring the volume to 4 liters. The pH was 7.9. 1000 cc. of a suspension 
of the enzyme containing 1.5 gm. of protein N were added, and the mixture 
was incubated at 37°. After 4 hours, determinations by the Van Slyke 
gasometric procedure revealed that about 80 per cent of the susceptible 
form of the racemic substrate was hydrolyzed. 500 cc. more of the enzyme 
suspension were added. Assays at the 12th hour of incubation showed 
100 per cent hydrolysis of the susceptible form. No further hydrolysis 
was noted at the 14th and 16th hours of incubation. 

The digest was then treated with 360 cc. of glacial acetic acid to bring 
the pH to 4.5, and 15 gm. of norit were added. After shaking and sub- 
sequent filtration, a nearly colorless filtrate was obtained. This was 
evaporated in vacuo to a volume of 1 liter at a temperature never exceeding 
35°. 2.5 volumes of absolute alcohol were added and the mixture was al- 
lowed to stand for 12 hours. The precipitate, which was nearly pure 
L-alanine, was filtered at the pump and washed thoroughly with alcohol 
until free from ammonia. The combined filtrate and washings, which 
contained acetyl-p-alanine, were set aside. The preparation of L-alanine, 
which weighed 209 gm. when dried (theory, 245 gm.), was recrystallized 
from a water-alcohol mixture. It separated as pure white clusters of fine 
needles. Yield, 169 gm. 9 gm. were recovered from the mother liquor, 
making a total yield of 73 per cent of the theory. [a]? = +14.4° (1.615 
gm. dissolved in 25 cc. of 1.0 Nn HCl); N 15.7 per cent; calculated, 15.7 
per cent. The method also revealed that the enzymatically susceptible 
isomer of acetyl-pi-alanine is the acetyl-L-alanine. 

The combined alcoholic filtrates from the L-alanine preparations were 
acidified with HCl to pH 2.5 and allowed to stand several hours in the ice 
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chest. The precipitate, which was chiefly ammonium chloride, was re- 
moved. The filtrate was evaporated in vacuo, when more ammonium 
chloride separated on addition of acetone. This treatment was repeated 
until no further precipitate appeared on addition of acetone. The oily 
residue was dissolved in 3 liters of acetone and the solution treated with 6 
liters of ether. On standing in the ice chest overnight, an oily layer pre- 
cipitated which was removed and discarded. The ethereal supernatant 
solution was evaporated to a syrup of nearly pure acetyl-p-alanine. At- 
tempts to induce crystallization were fruitless. The residue was there- 
fore taken up in 10 volumes of 48 per cent HBr and the solution refluxed 
for 6 hours. Analysis showed that 95 to 100 per cent of the acetyl-p- 
alanine was thereby hydrolyzed. The solution was evaporated in vacuo 
and the residue distilled many times with water to remove excess acid. 
Concentrated ammonium hydroxide was added with cooling to pH 5.0, 
and the mixture treated with absolute alcohol to 80 per cent. The dense, 
white precipitate of nearly pure p-alanine was filtered at the pump, washed 
with alcohol until free from ammonia, and recrystallized from water- 
alcohol in the form of white, fine needles. Yield, 94 gm. [a] = — 14.4° 
(1.5917 gm. dissolved in 25 ec. of 1.0 N HCl); N 15.7 per cent; calculated, 
15.7 per cent.' 

The simple method described above leads to preparations of L- and p- 
alanine of high optical purity. The values noted for specific rotations of 
+14.4° and —14.4°, respectively, compare favorably with those reported 
in the literature. Clough (9) reported a value of +14.7° for L-alanine in 
0.97 n HCl at 15°, and Pacsu and Mullen (10) a value of +14.6° in 1.0 
n HCl at 20° (cf. (11)). Dunn et al. reported a value of +13.77° in 6.0 N 
HCl at 25° for t-alanine and —13.60° for p-alanine under the same condi- 
tions (12). [a]*? = —14.5° for p-alanine was reported by Pacsu and Mul- 
len (10). All of the other values in HCl, listed by Dunn e¢ al. from the 
literature (12), are generally lower in magnitude than those cited. 


Preparation of Chloroacetyl-u-alanine and Chloroacetyl-p-alanine 


Kidney extracts hydrolyze only one isomer of chloroacetyl-pL-alanine 
(1) and a method has been devised whereby optically pure preparations of 
chloroacetyl-L-alanine and chloroacetyl-p-alanine have been obtained. In 


1 No serious attempts were made to work up the mother liquors from the various 
crystallizations of L- and p-alanine for further amounts of material, inasmuch as 
preliminary observations showed such material to have lower optical rotations. 
The yields, based throughout on the amount of acylated amino acid taken, are thus 
lower than they might be if the mother liquors had been sufficiently exploited. In 
such a case, the relative cost of the materials and of the investigator’s time must be 
considered. 
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the course of this study, a greater concentration of the hog kidney activity 
was achieved by the following procedure. 1050 gm. of hog kidney cortex 
were ground in a Waring blendor, suspended in 4000 cc. of cold water, and 
stirred for 2 hours. The extract, after filtering through gauze, hydrolyzed 
chloroacetyl-p.-alanine at a rate of 730 um per hour per mg. of N. Aleo- 
hol was added to 15 per cent, and the mixture allowed to stand at —6° 
and pH 7.0 for 12 hours. After centrifuging at 2600 Rr.p.m., the activity of 
the supernatant was 1285 um. Two repetitions of this step, the first at pH 
6.6 and the second at pH 6.0, yielded a supernatant solution with an actiy- 
ity of 2340 um. When alcohol was added to the supernatant to 30 per cent 
at pH 6.2, and the precipitate discarded, the activity rose to 2750 um. 
The pH was lowered to 5.6, and the mixture allowed to stand 12 hours at 
—15°. The pellet of material recovered on centrifuging had an activity 
of 6300 um. On suspending this in 450 cc. of cold water, adding alcohol 
to 15 per cent, and bringing the pH to 5.7 and the temperature to —6°, 
a new pellet was obtained on centrifuging which had an activity of 13,400 
uM of chloroacetyl-pL-alanine hydrolyzed per hour per mg. of N. 

497 gm. of chloroacetyl-pi-alanine (13) (m.p. 125-126°; N found, 8.5 
per cent; calculated, 8.5 per cent) were suspended in 2 liters of water, 
brought to pH 7.7 with NaOH, and the resulting solution made up to 3900 
ec. with water. 100 cc. of enzyme suspension containing 0.136 gm. of 
protein N were added and the mixture was incubated at 37°. After 2 hours 
the racemic substrate was 50 per cent hydrolyzed (100 per cent of the 
susceptible isomer), and this figure did not change up to the 20th hour of 
incubation. 

The digest was acidified to pH 6.0, treated with norit, filtered, and 
evaporated in vacuo. It was brought to pH 2.5, evaporated in vacuo to 
dryness, and extracted several times with acetone. The chloroacetyl-p- 
alanine dissolved, leaving a mixture of L-alanine and sodium chloride. 
This mixture was taken up in cold 2 N NaOH and chloroacylated in the 
usual manner (13). After crystallization from ethyl acetate-petroleum 
ether, the yield of chloroacetyl-L-alanine was 99 gm. (theory, 248 gm.). 
M.p. 93°; [a]? = —45.6° (0.92 gm. dissolved in 25 cc. of H,O). N, 8.5 
per cent; calculated, 8.5 per cent. Fischer and Schulze (14) reported a 
melting point of 93.5-94.5° (corrected) and [a]? = —45° (+0.2°) for their 
preparation of chloroacetyl-L-alanine. 

The combined acetone extracts containing chloroacetyl-p-alanine and 
chloroacetic acid were evaporated in vacuo to dryness, and the residue was 
extracted with ethyl acetate and again evaporated to dryness. On chilling, 
chloroacetyl-p-alanine separated in long prisms. The product was re- 
crystallized from ethyl acetate-petroleum ether. The yield was 105 gm. 
(theory, 248 gm.). M.p. 93°; [a]? = +45.4° (0.956 gm. dissolved in 
25 cc. of H,O). N 8.5 per cent; calculated, 8.5 per cent. 
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Chloroacetyl-L-alanine and chloroacetyl-p-alanine were aminated in the 
usual manner (13, 14) and the corresponding glycyl peptides prepared and 
purified by several recrystallizations. [a]? for glycyl-t-alanine in water 
= —49.4° (0.517 gm. dissolved in 25 cc. of H,O). N 19.2 per cent; cal- 
culated, 19.2 per cent. Fischer and Schulze (14) report a value of —50° 
for their preparation of glycyl-L-alanine. [a]” for glycyl-p-alanine in 
water = +49.5° (0.498 gm. dissolved in 25 cc. of HO). N 19.0 per cent; 
calculated, 19.2 per cent. 


Enzymatic Hydrolysis of Other Acylated Racemic Amino Acids by Crude 
Kidney Extract 


The method described can presumably be applied to the preparation of 
the optical isomers of certain other amino acids, for only one isomer of the 
acylated racemic amino acids is hydrolyzed by hog kidney preparations. 
Acetyl-pt-valine (m.p. 148°; N found, 8.8 per cent; calculated, 8.8 per 
cent), acetyl-pL-leucine (m.p. 159°; N found, 8.2 per cent; calculated, 8.1 
per cent), acetyl-pL-tryptophan (m.p. 205°; N found, 11.2 per cent; cal- 
culated, 11.4 per cent), chloroacetyl-pL-tryptophan (m.p. 153°; N found, 
9.7 per cent; calculated, 9.9 per cent), chloroacetyl-pL-pheny alanine (m.p. 
128°; N found, 5.9 per cent; calculated, 5.8 per cent), chloroacetyl-pL- 
serine (m.p. 123°; N found, 7.8 per cent; calculated, 7.8 per cent), acetyl- 
pi-glutamic acid (m.p. 172°; N found, 7.4 per cent; calculated, 7.4 per 
cent), and chloroacetyl-pt-threonine (m.p. 124°; N found 7.0; calculated, 
7.2) were prepared by the interaction of the racemic amino acids with either 
acetic anhydride or chloroacetyl chloride in alkaline medium. The respec- 
tive compounds were crystallized either from water or alcohol-water. 
Acetyl-pL-phenylalanine (m.p. 146°; N found, 6.7 per cent; calculated, 
6.8 per cent), acetyl-p-proline (m.p. 106°; N found, 8.8 per cent; calcu- 
lated, 8.9 per cent), acetyl-pL-isoleucine (m.p. 160°; N found, 8.1 per cent; 
calculated, 8.1 per cent), acetyl-pt-methionine (m.p. 111°; N found 7.3 
per cent; calculated, 7.4 per cent), acetyl-p.-histidine (m.p. 144°; N cal- 
culated 19.5 per cent for the compound with 1 mole of water of crystalliza- 
tion; found, 19.4 per cent), acetyl-pL-arginine (m.p. 256°; N found 25.3 
per cent; calculated, 25.9 per cent) were prepared by the general proce- 
dure of Knoop and Blanco (15) (cf. (8)), which consists of heating the 
amino acid solution in a mixture of glacial acetic acid and a little more than 
the theoretical amount of acetic anhydride. The respective compounds 
were crystallized from acetone or water-acetone. For further comparison, 
chloroacetylglycine (m.p. 100°; N found 9.2 per cent; calculated, 9.2 per 
cent), chloroacetylglycylglycine (m.p. 176°; N found 13.4 per cent; cal- 
culated, 13.3 per cent), and acetylglycine (m.p. 203°, N found 11.9 per cent; 
calculated, 12.0 per cent) were prepared and studied. The action of hog 
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kidney aqueous extracts on these compounds is described in Table T in 
terms of micromoles hydrolyzed per hour per mg. of N in the extract. 

Of the acylated amino acids studied, those of methionine, glutamic acid, 
alanine, leucine, and serine, are rapidly hydrolyzed. Acylated valine, 


TABLE | 
Enzymatic Hydrolysis of Acylated Amino Acids* by Crude Hog Kidney 
Extract 
Substrate Ps gy 

pM 
Acetyl-pu-alaninef............... an tae duenae Renae eee 161 
Chloroacetyl-pt-alaninef.......... oe ele 624 
Rootyi-pi-plonylalanine........ 2.0... cece cee ces 7 
Chloroacetyl-pL-phenylalaninef..... pe ae wre tas: Bt 33 
Acetyl-pL-tryptophan................ shah arate Meta aes 0 
Chloroacetyl-pu-tryptophan............................ | 5 
Acetyl-pu-valinef...................... Laeetics Gee een 68 
Acetyl-pt-leucinef.................... Keay ALG goad <A aN 259 
Acetyl-pL-methioninef................ Ret Aade haere | 800 
ee, a ee Dig, feasts SOs 0 
Acetyl-pu-isoleucine....................... pe eee 16 
ee TAB RE, 11 
2 ia 5 vy 40:94 4g vpn xn bed behead O 8 | 30 
Asetyi-pi-giutamic acid......................0... 0000s. | 140 
NIN 625g oa tie lisis cee ele seeddcsavw’s | 580 
Chloroacetyl-pL-threoninef..........................000. | 80 
EE RS ee ee | 50 
ee re se ag Fs Gun bese in. omnekare bs | 133 
Chloroacetylglycylglycine............................0.. 6 





* The digests were composed of 1 cc. of a 0.05 m neutralized substrate solution, 1 
ec. of 0.06 m phosphate buffer at pH 7.0, and 1 cc. of hog kidney cortex aqueous ex- 
tract. Incubation temperature 38°. Activity is maintained on dialysis. 

¢ Only one isomer hydrolyzed after prolonged incubation. The other racemic 
compounds were not studied because of the very low rate of hydrolysis. 


phenylalanine, arginine, threonine, histidine, and isoleucine are hydrolyzed 
at a lower rate, while acetyltryptophan is nearly completely resistant. 
It is therefore feasible to use crude hog kidney extract for the resolution 
of the isomers of racemic acylated methionine, glutamic acid, alanine, 
leucine, and serine, whereas for the others mentioned it would be advisable 
to use a highly concentrated active fraction of the extract. 

The high rate of hydrolysis by crude hog kidney extracts of acetylglycine 


* The asymmetric enzymatic hydrolysis of benzoyl-pt-alanine by taka-diastase 
was reported by Neuberg and Linhardt (16). 











rel 
am 
of 

slo 
pal 


dle ci otal 


10. 
ll, 
12, 


13. 
14, 
15. 
16. 


I in 


cid, 
line, 


ion, 1 
1S €X- 


remic 


lyzed 
tant. 
ution 
nine, 
sable 


ycine 


astase 








FODOR, PRICE, AND GREENSTEIN 509 


and of chloroacetylglycine is interesting. Rat kidney extracts have a 
relatively small effect on these compounds (1). Indeed, the acylated 
amino acids are probably attacked by a class of enzymes which, in view 
of the fact that the acylated aromatic acids are hydrolyzed much more 
slowly than the aliphatic acids, is evidently different from the classical, 
pancreatic carboxypeptidase system. 


SUMMARY 


1. u-Alanine with [a]” in 1.0N HCl = +14.4° and p-alanine with [a]? 
in 1.0N HCl = — 14.4° were obtained in yields of 73 and 39 per cent respec- 
tively by the asymmetric hydrolysis of acetyl-pL-alanine by an enzyme 
preparation from hog kidney. 

2. A similar procedure combined with chloroacetylation, involving 
chloroacetyl-pt-alanine, yielded chloroacetyl-L-alanine with [e]?? in water 
= —45.6° (yield, 40 per cent), and chloroacetyl-p-alanine with [a]? = 
+45.4° (yield, 43 per cent). 

3. The possibility of asymmetric enzymatic hydrolysis of certain other 
acylated racemic amino acids has been demonstrated. Accordingly, the 
method may be extended to include the resolution of racemic amino acids 
other than alanine. 


The authors are indebted to Mr. Robert Koegel for the nitrogen analyses. 
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AN EFFECT OF PYRIDOXINE ON BLOOD UREA IN HUMAN 
SUBJECTS 


By W. J. McGANITY, E. W. McHENRY, H. B. VAN WYCK, 
AND G. L. WATT 


(From the Departments of Public Health Nutrition and of Obstetrics and 
Gynecology, University of Toronto, Toronto, Canada) 


(Received for publication, December 6, 1948) 


In 1942 pyridoxine was related to protein metabolism (1). Since that 
time this vitamin or a derivative thereof has been described as a component 
of transaminase (2) and of decarboxylase (3). Pyridoxine has been claimed 
to be beneficial in the treatment of a variety of diseases. An attempt to 
produce a deficiency of this vitamin in a human subject failed to give evi- 
dence of any significant change (4). Pyridoxine has been used with ap- 
parent success in the alleviation of nausea and vomiting in pregnancy and 
also of the same condition consequent to irradiation (5,6). Hesseltine (7) 
described a controlled investigation in which pyridoxine therapy was com- 
pared with placebo administration, but the comparison was based only on 
subjective evaluation of the condition of the subjects. To date there has 
been no objective evidence of an effect of pyridoxine in humans. This re- 
port deals with a significant response obtained in blood urea levels before 
and after administration of pyridoxine in cases of nausea and vomiting in 
pregnancy. 


Methods 


Three groups of human subjects were used: (1) non-pregnant females in 
apparent health who were regularly engaged in laboratory work or as hos- 
pital dieticians; the latter were on a constant protein intake for 5 days 
before blood samples were taken and throughout the period of study; (2) 
pregnant females with no apparent abnormality in the prenatal clinic of 
the Toronto General Hospital; (3) pregnant females exhibiting definite 
nausea and vomiting during the first trimester of pregnancy and who were 
classified clinically as showing hyperemesis gravidarum. All cases in this 
third group were hospitalized, and following admission they received sup- 
portive therapy consisting of intravenous administration of 5 per cent 
glucose solution until urinary ketosis ceased. Subsequently, these pa- 
tients were given a balanced adequate diet supplying 60 gm. of protein 
each day. Evening sedation to insure sleep was furnished if required. 

Urea estimations on samples of venous blood taken after a 12 hour fast 
(except as noted below) and of urine were made in duplicate by the pro- 
cedure of Archibald (8); the required color estimations were carried out in 
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a model No. 11 Coleman spectrophotometer. Urea clearances were ex. 
pressed as percentages of standard clearance, by the method of Miller. 
MelIntosh, and Van Slyke (9). 

In all cases identical dosage of pyridoxine was employed, consisting of 
the oral administration of 40 mg. of pyridoxine hydrochloride in each of 
3 successive days. 

In accordance with the recommendation of Hawkins, MacFarland, and 
McHenry (10), a study was made of the effect of a test load of an amino 
acid. This was done by measurement of changes in blood urea subsequent 
to the oral administration of 30 gm. of pi-alanine dissolved in 300 ce. of 
unsweetened canned grapefruit juice. This solvent had been shown to 


TaBLe I 
Effect of Pyridoxine on Fasting Blood Urea 





























Average blood urea with standard (|... .. 
No. of pees of differ 
Groups subjects a 3 eae ence due to 
Before pyridoxine | After pyridoxine | pyridoxine 
administration administration | 
meg. per cent mg. per cent | é 
Normal non-pregnant females 28 21.3 + 5.4 20260 | <3 
‘« pregnant primiparae, 40 12.4 + 3.4 12.9436 | <1 
all trimesters 
Hyperemesis gravidarum 17 10.3 + 3.1 15.54 2.7 | 2.62 
* Calculated by 
d 
._— 
84 > 
n 


where d = the average of individual differences in blood urea for n subjects, and 
sq = the standard deviation of the differences. 


cause no detectable change in blood urea in a group of control subjects. 
For convenience, alanine was given at about 7.30 p.m., following a light 
evening meal containing not more than 6 gm. of protein at about 5 p.m. 
Blood samples were taken prior to the administration of alanine and every 
2 hours during the ensuing 12 hours; this regimen provided essentially a 
period of 12 hours without food and without disturbing the customary 
meal pattern of the subjects. 


Results 


Table I contains the mean blood urea values for the three types of 
subjects before and after administration of pyridoxine. The data show 
that fasting blood urea was less in normal pregnant than in non-pregnant 
women, an observation which has been made frequently by others, and 
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that in cases of hyperemesis gravidarum the blood urea was decreased be- 
low the value normally characteristic of pregnancy. Blood urea was in- 
creased after the administration of pyridoxine only in subjects suffering 
from nausea and vomiting, and the increase changed the previously low 
level to one typical of normal pregnancy. It should be noted that all 
subjects with nausea and vomiting showed urinary ketosis throughout the 
test period. 


TaB_e II 
Observations on Fasting Blood Urea 


Ne. af | Average blood 











Groups subjects urea } Soa ona Significance of difference 
ae oes See. a . js ny . a iciilllaaiaiinaaiadias 
mg. per cent t ad 
1. Normal non-pregnant females 50 | 22.14 4.9 (1) vs. (2) 9.9 
>. pregnant, Ist tri- 50 | 14.74+41.8 (2) ** (8) 5.9 
mester | 
3. Normal pregnant, 2nd tri- 59 13.443.5 | (3) “ (4) | <li 
mester | 
4, Normal pregnant, 3rd tri- 47 | 14.04 4.7 (4) > @) 3.0 
mester 
5. Normal pregnant, 5 days post 53 | 22.34 5.3 (4) “ (5) | 9.9 
partum | | | | 
6. Hyperemesis gravidarum | 17 | 10.343.1 | (2) “ (6) | 2.85 
* Calculated, 
t i — Fe 


W/o 
Mm Ne 


where 7, = average blood urea of one group of m, subjects, 72 = average blood urea 


of the other group of nz subjects, and s = average standard deviation of the two 
groups. 


In view of the differences in fasting blood urea levels between the three 
groups of subjects a further study was made with larger groups of non- 
pregnant and normal pregnant persons. Table II gives the resultant data. 
It is again clear that blood urea was decreased during pregnancy; in sev- 
eral cases the change was apparent as early as the 6th week of gestation. 
Within a few days after the birth of the infant, blood urea rose to the nor- 
mal non-pregnant level. 

In Table III are shown the results of a test load of pu-alanine. A series 
of observations indicated that the maximum urea value was obtained at 
the 6th hour after alanine administration and that the blood level returned 
to normal within 12 hours in non-pregnant and normal pregnant subjects. 
For this reason the presentation of data was restricted to values prior to 
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the test dose and those found at the 6th and 12th hours. Ranges of urea 
clearances are shown also; in all instances urea clearance was normal. It 
is obvious that patients with hyperemesis gravidarum responded differ- 
ently to the test load of amino acid than did normal subjects, and the re- 
sponse became normal after the administration of pyridoxine. The nor- 
mal sequence after the test load is a maximum value for blood urea at the 
6th hour and a decrease to the original level by the 12th hour; the abnor- 
mal response is a failure to decrease between the 6th and 12th hours. 


TaBLe III 
Effect of Test Load of Alanine on Blood Urea 


Mean Mean Mean Urea 


No. 
Groups of sub- blood urea blood urea blood urea clearance 


jects atQhr. | at 6thhr. ati2thhr. range 








mg. percent mg. percent mg. per cent per cent 


Normal females, non-pregnant 7 23.6 | 30.6 23.4 70-110 
if pregnant, all trimesters | 31 16.2 | 20.8 15.5 70-110 
- ‘“ $dayspost partum 15 | 24.0 29.4 24.2 90-140 

Hyperemesis gravidarum on admis- 14 10.8 | 16.2 | 15.1 75-100 
sion 

After supportive therapy for 72 hrs. 8 13.8 16.6 16.9 80-110 
" Ee i “i2 nre:,| 12 16.2 14.8 80-110 


+ 120 mg. pyridoxine 





DISCUSSION 


The investigation of Hawkins, MacFarland, and McHenry (10) showed 
that an increase in fasting blood urea accompanies the development of 
pyridoxine insufficiency in rats and that the blood urea response to a test 
load of alanine is different from that obtained in normal rats. In dogs, 
however, an elevation in blood urea was not observed, but there was a sig- 
nificant increase in urinary urea. Hawkins and Barsky (4) observed no 
change in blood or urinary urea in a human subject maintained on a low 
pyridoxine diet for some weeks; the lack of any significant alteration might 
indicate that a state of pyridoxine insufficiency was not obtained. 

In the present study the administration of pyridoxine appeared to have 
a significant effect upon fasting urea levels in the blood of patients show- 
ing marked nausea and vomiting in the first trimester of pregnancy, but 
not in that of non-pregnant or normal pregnant women. There are at 
least two possible explanations of the observed effect. Regardless of the 
administration of pyridoxine, hospitalization and supportive therapy of 
the subjects with hyperemesis gravidarum may have made possible a bet- 
ter retention of ingested food with a consequent increased intake of pro- 
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tein and a resultant rise in blood urea; the supposed effect of pyridoxine 
might have been a coincidence. An obvious alternative explanation is 
that pyridoxine produced the observed alteration. The results obtained 
with a test load of an amino acid do not support the first explanation and 
definitely conform to the second. 

The results reported above may be interpreted as presumptive evidence 
that in the cases of nausea and vomiting pyridoxine insufficiency was ex- 
hibited which was ameliorated by a supply of the vitamin. While the low 
level of fasting blood urea was opposite to the condition found in pyri- 
doxine-deficient rats (10), the response to a test load of alanine was entirely 
similar. It might be assumed that the failure of pyridoxine to produce 
any effect in non-pregnant and normal pregnant subjects was due to the 
absence of a deficiency of the vitamin. We believe that the data may be 
most easily explained by the assumption that a pyridoxine insufficiency 
was present in the cases of hyperemesis gravidarum and that the results 
supply the first objective evidence of any effect of pyridoxine in humans. 
Recently Hobson (11) has observed, on the basis of an examination of food 
intakes, that pregnant women showing toxemia are possibly deficient in 
pyridoxine and niacin. 

The employment of a test load of an amino acid was useful to detect a 
change in nitrogen metabolism, and the application of this procedure to 
other types of abnormalities would seem advantageous. Preliminary ob- 
servations in cases of hepatitis strengthen this view. 

It is useful to consider the results obtained recently on the protective 
action of pyridoxine against untoward effects resulting from deep x-ray 
treatment. An investigation on mice by Goldfeder et al. (12) showed that 
pyridoxine had a significant protective value. Two clinical reports (13, 
14) have indicated that pyridoxine may have a similar effect in the reduc- 
tion of nausea after irradiation to that which has been claimed in the nau- 
sea and vomiting of pregnancy. The question of whether irradiation 
induces a state of pyridoxine insufficiency is under investigation in our 
laboratory. 


SUMMARY 


In confirmation of the work of others, fasting blood urea was signifi- 
cantly less in normal pregnant than in non-pregnant subjects. The urea 
level was definitely lower in cases of hyperemesis gravidarum than in nor- 
mal pregnancy, but was restored to a typical normal value after the ad- 
ministration of pyridoxine. Changes in blood urea after a test load of 
alanine were similar in normal pregnancy to those observed in non-preg- 
nant persons, whereas subjects with hyperemesis gravidarum showed an 
abnormal response which was corrected after pyridoxine was given. 
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Thanks are expressed to the International Health Division of the Rocke- 


feller Foundation for a grant to the Department of Public Health Nutri- 
tion which facilitated this investigation. 
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A METHOD FOR THE MICROBIOLOGICAL ASSAY OF 
VITAMIN Bry 


Sirs: 


It has been demonstrated that Lactobacillus lactis Dorner (ATCC 8000) 
must be cultivated with special precautions to prevent disassociation when 
used in the microbiological assay of vitamin By».! Lactobacillus leichmannii 
has been found to require nutrients similar to those needed by Lactobacillus 
lactis Dorner and to exhibit little tendency to disassociate.2? The use of a 
stable test organism in the microbiological assay of vitamin By, would be of 
distinct advantage. 


The method herein outlined employs Lactobacillus leichmannii (ATCC 


4797) as the test organism. The medium for the assay is a dehydrated 


product prepared by the Difco Laboratories, Inc., Detroit, Michigan, 
through the courtesy of Dr. C. W. Christensen. 

The standard (purified vitamin By from Merck and Company, Inc.) 
and test materials are diluted to a concentration of 0.02 y per ml. in dis- 
tilled water. The test organism responds most satisfactorily within the 
range of 0.01 to 0.10 y per tube levels. Duplicate or triplicate tubes on 
each level give growth response in good agreement turbidimetrically. 
Tubes containing only distilled water and the basal medium produce no 
growth in the absence of vitamin By. The results of the assay are evalu- 
ated turbidimetrically after 18 hours growth at 37°. 

Inoculum for the test is prepared by washing four or five times in sterile 
saline the cells produced from a 24 hour growth of Lactobacillus leichmannii 
in Difco micro inoculum broth. Stab cultures are maintained on Difco 
stock culture agar for microbiological assays. 

Additional work is in progress to determine the relative merits of this 
method in the assay of natural materials containing minute amounts 


1 Rickes, E. L., Brink, N. G., Koniuszy, F. R., Wood, T. R., and Folkers, K.., 
Science, 107, 396 (1948). Shorb, M. S., Science, 107, 396 (1948). Shorb, M. S., and 
Briggs, G. M., J. Biol. Chem., 176, 1463 (1948). 

* Hoffmann, C. E., Stokstad, E. L. R., Franklin, A. L., and Jukes, T. H., J. Biol. 
Chem., 176, 1465 (1948). Skeggs, H. R., Huff, J. W., Wright, L. D., and Bosshardt, 
D.K., J. Biol. Chem., 176, 1459 (1948). Snell, E. E., Kitay, E., and MeNutt, W.S., 
J. Biol. Chem., 175, 474 (1948). 
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Basal Medium (Double Strength)* 











gm, me. 
Bacto-vitamin-free casamino | 12 Calcium-d-pantothenate 0.2 
acids 
Dextrose 40 Folic acid 0.1 
Sodium acetate 20 Biotin 0.01 
L-Cystine, Difco 0.2 p-Aminobenzoic acid 0.2 
pL-Tryptophan 0.2 Tween 80 200 
Adenine 0.02 | Dipotassium phosphate l 
Guanine 0.02 | Monopotassium phosphate l 
gm 
Uracil 0.02 | Magnesium sulfate 0.4 
| me. 
Xanthine 1 | Sodium chloride 0.02 
Thiamine hydrochloride 2 | Ferrous sulfate 0.02 
Riboflavin 2 | Manganese sulfate 0.02 
mil. 
Niacin | 2 Distilled water to make 1000 
Pyridoxine hydrochloride ij 





The medium is adjusted to pH 6.8 before use. 

* Wright, L. D., Skeggs, H. R., and Huff, J. W., J. Biol. Chem., 175, 475 (1948). 
Guirard, B. M., Snell, E. E., and Williams, R. J., Arch. Biochem., 9, 361 (1946). 
Ott, W. H., Rickes, E. L., and Wood, T. R., J. Biol. Chem., 174, 1047 (1948). Shive, 
W., Eakin, R. E., Harding, W. M., Ravel, J. M., and Sutherland, J. E., J. Am. 
Chem. Soc., 70, 2299 (1948). Shive, W., Ravel, J. M., and Eakin, R. E., J. Am. Chem. 
Soc., 70, 2614 (1948). 


of vitamin By compared with a similar assay in which Lactobacillus lactis 
Dorner is the test organism. 


Microbiological Control Labegratories BreryYL F. Capps 
Gelatin Products Division NorMAN L. Hosss 
R. P. Scherer Corporation Sereck H. Fox 
Detroit 
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THE CONVERSION OF GLYCINE INTO SERINE IN THE 
INTACT RAT* 


Sirs: 


In an earlier communication! we have presented evidence indicating 
that glycine is converted into serine via condensation with formate or a 
formate derivative (Scheme I). 


CH2NH:COOH + HCOOH — CH:OHCHNH.COOH (D 


In the present investigation we have studied the physiological formation 
of this “formate.”’ One possible mechanism is that glycine itself, by 


The administered glycine contained 1.06 X 10* counts per minute per mg. of C 
in the a-carbon. 


COOH* a* B* 


a Pe eR eee 0 | 390 319 


* Counts per minute per mg. of carbon. 


deamination? and subsequent decarboxylation, gives rise to ‘formate’ 
(Scheme II). 


CH:NH2COCH — CHOCOOH — “HCOOH” + CO: (II) 


We have investigated this pathway by degrading liver serine isolated 
after the administration of glycine labeled with C' in the methyl posi- 
tion. According to the proposed scheme the a- and $-carbon atoms of 
serine are both derived from the methyl carbon of glycine and should con- 
tain the isotope. 

Four fasted rats weighing a total of 427 gm. were given 5 mm of glycine 
by stomach tube per 100 gm. After 14 hours the animals were sacri- 
ficed. Serine was isolated from the livers and degraded as previously 
described.! 

The results of the carbon analyses, shown in the table, are in accord 
with Schemes I and II. The serine contained C™ in both the a- and 
8-carbon atoms with almost as much activity in the 6 as in the a position. 


* Aided by a grant from the American Cancer Society, recommended by the Com- 
mittee on Growth of the National Research Council, and by support of the Elisa- 
beth Severance Prentiss Foundation. 

1Sakami, W., J. Biol. Chem., 176, 995 (1948). 

? Ratner, S., Nocito, V., and Green, D. E., J. Biol. Chem., 162, 119 (1944). 
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This experiment indicates that under certain conditions glycine jtself 
is a major source of the formate or formate derivative for its conversion 
to serine. 

The data of Winnick et al.3 are in agreement with this hypothesis. 
Their serine isolated from liver homogenate equilibrated with C'-methyl. 
labeled giycine contained a small amount of isotope in the 8-carbon. 

The author wishes to express his thanks to Dr. H. G. Wood for his 
interest in this investigation. 


Department of Biochemistry WaRWICK Sakamr! 
School of Medicine 
Western Reserve University 
Cleveland 
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* Winnick, T., Moring-Claesson, I., and Greenberg, D. M., J. Biol. Chem., 176 
127 (1948). 
4 With the technical assistance of Jean Lafaye. 
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THE EFFECT OF METHYLENE BLUE IN PREVENTING 
ALLOXAN DIABETES AND IN LOWERING THE 
BLOOD SUGAR OF ALLOXAN-DIABETIC RATS* 


Sirs: 


A number of compounds have been found to prevent the diabetic action 
of alloxan when administered immediately before the alloxan.! 

The writers have observed that the oxidation-reduction dye, methyl- 
ene blue, not only is protective against the diabetogenic action of alloxan 
when given before the alloxan, but also exerts a marked blood sugar- 
lowering effect when administered to rats previously made diabetic with 
alloxan. This paper records the blood sugar-lowering effect on twenty- 
two animals. Experiments to be published in more detail later will con- 
firm the validity of this preliminary report. 

The following experiments illustrate the effect of methylene blue (MB) 
in preventing alloxan diabetes. 

Five non-fasted rats (240 to 267 gm.) were given 1 ce. of 1 per cent 
MB? 30 minutes prior to the injection of 150 mg. of alloxan per kilo of 
body weight. 24 hours later the blood sugar levels ranged from 28 to 
124 mg. per cent (average 59 mg. per cent). Four non-fasted controls 
treated similarly but without MB showed 24 hour blood sugars of 113 
to 299 mg. per cent (average 200 mg. per cent). 

When six rats (189 to 310 gm.) were fasted for 48 hours and then treated 
with MB and alloxan as above, the blood sugars after 48 hours ranged 
from 0.0 to 90 mg. per cent (average 60 mg. per cent). Five 48 hour- 
fasted controls (187 to 232 gm.) treated with alloxan but not with MB 
showed 48 hour blood sugars ranging from 119 to 650 mg. per cent (average 
397 mg. per cent). 

The effect of MB in lowering the blood sugar of alloxan-diabetic rats 
is shown in the table. The dye was injected into non-fasting rats, in 
some cases 2 days and in others 1 to 3 months after alloxan injection. 

In our experience MB in the dosage used does not alter the blood sugar 
of normal animals but causes definite hypoglycemia in rats recently 
made diabetic with alloxan. 


* Aided by a grant from the Diabetic Research Foundation of Portland, Oregon. 

1 Banerjee, L., Science, 106, 128 (1947). Lazarow, A., Proc. Soc. Exp. Biol. and 
Med., 61, 441 (1946). Weinglass, A. R., Frame, E. G., and Williams, R. H., Proc. 
Soc. Exp. Biol. and Med., 58, 216 (1945). Chesler, A., and Tislowitz, R., Science, 
106, 345 (1947). 

? Aqueous solutions of methylene blue and alloxan monohydrate (freshly pre- 
pared) were injected intraperitoneally. Animals were given nembutal prior to 
injection or blood sampling. 
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Effect of Methylene Blue* in Lowering Blood Sugar of Non-Fasting Alloxan-Diabetic 


























Rats 
Blood sugar, mg. per cent 
Animal No. on Days after methylene blue 
alloxan : Sa a a aa ia i i aarti a 
ae Oe . ve eS 24 49 51 
1 295 72| 45 | | 61 | 73} 119 
2 243 79 | 147 } 51 | 147 | 
3 350 96| 51 ee 68 | 102 102 
4 457 73 | 328 | | 73 | 
5 | 664 51 | 565 | 130 424 | 277 
6 | 689 355 | 486 | 208 339 | 345 
7 | 407f 232 327 | 379 
s | 528t 45 | 
9 | 382t | 102 237 | 266 | 
10 | 301t 102 | 170 | | 220 119 
11 | 492t 277 | | | | | 














* The dose of methylene blue was 1 cc. of 1 per cent solution in all experiments 
and was given immediately after withdrawal of blood used to determine the effect of 
alloxan injection 2 days previously. 

t Chronically diabetic rats; diabetes of 1 to 3 months duration. 


Studies relating to the mechanisms of the protective and blood sugar- 
lowering effects of methylene blue in alloxan diabetes, and of the possible 
effect of methylene blue in pancreatic diabetes, are in progress. 


Department of Biochemistry Doris M. HicHet 
University of Oregon Medical School Epwarp S. WEst 
Portland 
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SEPARATION OF THE GROWTH FACTORS FOR LEUCONOSTOC 
CITROVORUM AND LACTOBACILLUS LEICHMANNII 
BY MEANS OF ELECTROLYSIS 


Sirs: 


The activity of a crystalline preparation of the antipernicious anemia 
factor for Lactobacillus leichmannii 313 has been reported by Hoffmann 
and coworkers.! Skeggs et al.? used Lactobacillus leichmannii 4797 as an 
assay organism in their studies on the isolation of the animal protein 
factor. The growth factor for Leuconostoc citrovorum 8081 has been studied 
by Sauberlich and Baumann,’ who found that liver extracts prepared 





7 . = 
| | Titration values for bacterial growth factor tests,* 0.1 n NaOH 
Final pH of cell | 





Electrolysis cell : . 
No. —— Lactobacillus | Lactobacillus 





Leuconostoc | 
citrovorum 8081 | leichmannii 4797 =| ~—s leichmannii 313 
| ml. | ml. | ml. 
It | 5.4 0.23 4.62 | 4.25 
2 | 3.6 0.26 2.66 | 2.26 
3 | 3.4 | 0.34 0.82 0.62 
4 3.3 | 0.67 0.67 0.54 
5 3.2 | 2.63 | 0.60 0.62 
6t | 3.0 4.39 0.78 0.56 
Blank | | 0.24 | 0.62 0.57 





*5 ml. aliquots from 10 ml. cultures, 72 hour growth periods. 
+ Negative electrode in this cell. 
t Positive electrode in this cell. 


for the treatment of pernicious anemia were also concentrated sources of 
the growth factor for this organism. 

During a comparative study of the factors for these three organisms 
by the present authors, the citrovorum factor was separated from the 
other factors by electrolysis of a liver extract concentrate (reticulogen) 
in a specially designed six cell apparatus. In 0.02 m acetic acid the activ- 
ity for both of the leichmannii strains migrated toward the negative 
electrode, while the activity for Leuconostoc citrovorum migrated toward 
the positive electrode as indicated in the table. 


1 Hoffmann, C. E., Stokstad, E. L. R., Franklin, A. L., and Jukes, T. H., J. Biol. 
Chem., 176, 1465 (1948). 

* Skeggs, H. R., Huff, J. W., Wright, L. D., and Bosshardt, D. K., J. Biol. Chem., 
176, 1459 (1948). 

* Sauberlich, H. E., and Baumann, C. A., J. Biol. Chem., 176, 165 (1948). 
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At the start of the experiment, 0.5 ml. of reticulogen in 0.02 m acetic 
acid was placed in Cell 4. The rest of the apparatus (total volume 280 ml.) 
was filled with 0.02 m acetic acid. After the electrolysis, one 125th part 
of the contents of each cell was used in the tests with Leuconostoc citrovorum 
and one 6250th part from each cell was used in the tests with both Leich- 
mannii strains. Part of the activity for Leuconostoc citrovorum was 
lost during the electrolysis, presumably by oxidation at the positive elec- 
trode. 

These results indicate that the citrovorum and leichmannii factors are 
not identical, that the leichmannii factor contains a basic group, and 
that the citrovorum factor contains a fairly strong acidic group. When 
electrolyzed in 0.05 m NH,OH, the activity for all three organisms mi- 
grated toward the positive electrode, indicating the presence of a weaker 
acidic group in the leichmannii factor. 


Department of Biochemistry and N utri- Car. N. Lyman 
tion J. M. Prescotr 
Texas Agricultural Experiment Sta- 
tion of the Texas Agricultural and 
Mechanical College System 
College Station 
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DIFFERENCE IN GROWTH-PROMOTING EFFECT OF 
DESOXYRIBOSIDES AND VITAMIN By ON THREE 
STRAINS OF LACTIC ACID BACTERIA* 


Sirs: 


Snell et al.' recently showed that thymidine is a growth factor for some 
lactic acid bacteria. Shive et al.? and Wright et al. found that for L. lactis 





Growth-Promoting Effect of Desoxyribosides and Vitamin By: Concentrates 





Galvanometer readingt 
Addition per 10 ml. medium* pmaes a 


Thm. lactis 1, Thm. jucurt 13, Thm acidophilus 
20 hrs., 37° 40 hrs., 37° R26, 20 hrs., 37° 

0, inoculated........ SER ae aaah 85 96 94 

5 y thymidinet ett Aeaal 42 57 25 

5 ‘* guanine desoxyriboside$..... 48 58 27 

50 ‘‘ thymine... Sih te aes 92 95 94 

0.5 wl. liver concentrate}! 2 dade 33 48 94 

0.1 mugm. Biz concentrate§. . | 31 62 94 

1 y folic acid... oe 83 96 93 

25 mg. tryptic casein digest. .... .| 56 95 95 


* A previously described medium‘ which contains all of the known nutritional 
essentials for lactic acid bacteria was used in the following modification: Difco- 
yeast extract was omitted; 100 mg. of lactose and 1 mg. of sodium pyruvate were 
added per 10 ml. The tryptic casein digest was replaced by 50 mg. of acid- 
hydrolyzed casein and 5 mg. of tryptic casein digest per 10 ml. 

+ Per cent incident light transmitted. 

t We are indebted to Dr. W. Shive and Dr. R. Hotchkiss for samples of thymi- 
dine. 

§ Prepared by Dr. M. Friedkin (cf. Friedkin, M., Kaleckar, H. M., and Hoff- 
Jérgensen, E., J. Biol. Chem., 178, 527 (1949). 

|| A commercial antipernicious liver extract from the Danish firm Gea 1 ml. 
~ 50 gm. of liver. 100 ml. contain about 15 mg. of dry matter. 

§{ We are indebted to Dr. T. H. Jukes, Lederle Laboratories Division, American 
Cyanamid Company, for a sample of this concentrate. 


Dorner thymidine is able to replace the requirement for a liver concen- 
trate (vitamin By»). 


* This work has been supported by a grant from the Rockefeller Foundation. 

1Snell, E. E., Kitay, E., and McNutt, W.S8., J. Biol. Chem., 175, 473 (1948). 

*Shive, W., Eakin, R. E., Harding, W. M., Ravel, J. M., and Sutherland, J. E., 
J. Am. Chem. Soc., 70, 2299 (1948). 

* Wright, L. D., Skeggs, H. R., and Huff, J. W., J. Biol. Chem., 176, 475 (1948). 

‘ Hoff-Jgrgensen, E., Williams, W. L., and Snell, E. E., J. Biol. Chem., 168, 773 
(1947). 
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In the course of a survey of the nutritional requirements of certain 
lactic acid bacteria of the genus Thermobacterium' a strain, Tbm. acidophilus 
R26, was encountered whose requirement for thymidine could not be 
replaced by either a Bi concentrate or a commercial liver preparation. 
For another strain, Tbm. lactis 1, the effect of thymidine or vitamin B, 
may be replaced by charcoal-treated tryptic casein digest (see the table). 
The third strain, Tbm. juhurt 13, grows on either thymidine or vitamin 
By, but tryptic casein digest is without any effect. 

Guanine desoxyriboside has the same effect on all three strains as thy- 
midine. 


Institute of Biochemistry E. Horr-J@RGENSEN 
University of Copenhagen 
Copenhagen, Denmark 
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5 We are indebted to Professor S. Orla-Jensen and to Mrs. Snog-Kjaer for cultures 
of these organisms from the Orla-Jensen collection. 
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ENZYMATIC SYNTHESIS OF DESOXYRIBOSE NUCLEOSIDE 
WITH DESOXYRIBOSE PHOSPHATE ESTER* 


Sirs: 


Recent observations! indicate that desoxyribose nucleosides can be split 
by an enzymatic phosphorolysis analogous to that described for ribonu- 


The Warburg vessel contained guanine desoxyriboside (0.0123 m) ;* alanylglycine, 
pH 8.55 (0.082 m); NasHPO, (0.143 m); 12 mg. of nucleoside phosphorylase; 2.1 mg. 
of xanthine oxidase; and 0.25 mg. of catalase in a total volume of 2.44 ml. Incu- 
bated in air at 13° for 27 hours, oxygen uptake, 15.5 um. DRP (see the text) was 
then incubated with hypoxanthine, as indicated below. 





Desoxyriboside synthesized 
Experimental conditions A te We RAINE a ay 








Differential spectro- | Microbiological 
photometric analysis assay 
— eee —s -— | Se - — 
| pM ut 
Complete system contained 0.12,;Complete system 0.067 | 0.087 
uM hypoxanthine; DRP, 1 um/DRP not added 0 0.008 


labile P: alanylglycine, pH! during incuba- | 
8.55 (0.05 Mm); and 0.5 mg. nu-| tion but after | 
cleoside phosphorylase in total| inactivation of | 
volume of 1.2 ml. Incubated) enzyme 
at 30° for 30 min. | 


*The values in parentheses refer to the final concentration in the complete 
mixture. 


+t Expressed as micromoles of thymidine which evoke an equal growth response. 








cleosides.2 We wish to report the isolation of the primary phosphoroly- 
sis product, an extremely acid-labile desoxyribose phosphate ester (DRP) 
which can react with hypoxanthine to form hypoxanthine desoxyriboside. 

Guanine desoxyriboside, prepared in crystalline form from thymus 
nucleic acid, was incubated with liver nucleoside phosphorylase? as indi- 
cated in the table. The free guanine was oxidized to uric acid in the 
presence of xanthine oxidase. After removal of the uric acid by centri- 
fugation, the incubation mixture was extracted with n-butanol and di- 
ethyl ether to denature the protein, and then freed of residual purines by 


* This work has been supported by grants from the Donner Foundation, Inc., 
the Lederle Laboratories Division, American Cyanamid Company, the Rockefeller 
Foundation, and the Carlsberg Foundation. 

1Manson, L. A., and Lampen, J. O., Abstracts, American Chemical Society, 
September (1948). Wajzer, J., Arch. sc. physiol., 1, 48 (1948). 

* Kalekar, H. M., J. Biol. Chem., 167, 477 (1947). 
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treatment with norit. The clear filtrate, after removal of inorganic 
phosphate as MgNH,PQ,., was evaporated to a small volume and used 
for experiments in synthesis, as shown in the table. 

The phosphate ester thus obtained releases both inorganic phosphate 
and desoxyribose upon very mild hydrolysis (50 per cent splitting in 12 
minutes at 25° in pH 4 acetate buffer). Labile phosphate is determined 
as MgNH,PO,, since the high instability of DRP at pH 4 excludes the 
use of the Lowry-Lopez method.’ A yield of 18 um of DRP (expressed as 
labile P) was obtained from 30 um of guanine desoxyriboside. 

The ester is most specifically characterized by its ability in the presence 
of liver nucleoside phosphorylase to exchange its phosphate for hypo- 
xanthine. The formation of hypoxanthine desoxyriboside was demon- 
strated by differential enzymatic spectrophotometry? and further sub- 
stantiated by the ability of the enzymatically produced desoxyriboside to 
replace thymidine as a growth factor for Thermobacterium acidophilus R26.‘ 
On a molar basis the stimulatory effect of the synthesized desoxyriboside 
was approximately equal to that of thymidine or guanine desoxyriboside. 


Institutes of Medical Physiology (En- Morris FRIEDKIN® 
zyme Research Division) and Bio- HERMAN M. Katcxkar 
chemistry E. Horr-J@RGENSEN 


University of Copenhagen 
Copenhagen, Denmark 
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3 Lowry, O. H., and Lopez, J. A., J. Biol. Chem., 162, 421 (1946). 
‘ Hoff-Jgrgensen, E., J. Biol. Chem., 178, 525 (1949). 
5 National Institute of Health Fellow. 
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THE UTILIZATION OF THE a-CARBON ATOM OF GLYCINE 
FOR THE FORMATION OF ACETIC AND 
ASPARTIC ACIDS* 


Sirs: 


We have been able to demonstrate that in the rat acetic and aspartic 
acids can be formed from glycine. Glycine labeled with C“ in the methyl- 
ene group was fed to a 250 gm. rat at a level of 80 mg. per day together 
with 250 mg. of l-a-amino-y-phenylbutyric acid for 3 days. The excreted 
acetyl-l-aminophenylbutyric acid, isolated from the urine, was hydrolyzed 
and the resulting acetic acid obtained as the silver salt. The silver acetate 





Activity* 





Compound | 
0 SP as ean rent ores ears Se ...| 1,870,000 
Dixanthydryl urea (respiratory CO3).....................0005. 2,600 
Silver acetate from acetylaminophenylbutyric acid.............| 4, 200 
BaCO; from carboxyl carbon of acetic acid............ ee 4, 300T 
Mostio Roi (asGGRbOR) s 6.66.6 os3 ks oa ce ee vee Pte 4,100 
er er rrr rs ee ie Sen 1,300 
BaCO; from carboxyls of aspartic acid................. eee 700t 
Aspartic acid (a- and 8-carbon atoms)....................... iu 1,800f 





* Counts per minute per standard dish (2.41 sq. cm.) of an “‘infinitely thick’’ 
sample of carbon. 

+ Corrected for back-scattering. 

t Value calculated from the data. 


was degraded with bromine in carbon tetrachloride! and the resulting CO, 
precipitated as BaCO;. Aspartic acid was isolated from the proteins of 
the internal organs and decarboxylated by ninhydrin. Urinary urea was 
isolated as the dixanthydryl derivative. The urea carbon is a repre- 
sentative sample of the respiratory CO:.2 The results are summarized 
in the table. 

The data demonstrate that both carbon atoms of the acetic acid were 
derived from the a-carbon atom of glycine. The activity of the a- and 
8-carbon atoms of the aspartic acid is 2.5 times that of its carboxyl groups. 
The latter could derive their activity from the respiratory CO.. This 
distribution of C™ in the aspartic acid is consistent with the view that 
oxalacetic acid is the source of a,f-labeled pyruvic acid, which could 
acetylate aminophenylbutyric acid either directly or following conversion 


*This work was supported by a grant from the American Cancer Society, recom- 
mended by the Committee on Growth of the National Research Council. 

1 Hunsdiecker, H., and Hunsdiecker, C., Ber. chem. Ges., 75, 291 (1942). 

? Mackenzie, C. G., and du Vigneaud, V., J. Biol. Chem., 172, 353 (1948). 
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to acetic acid. That the a- and §-carbon atoms of aspartic acid should 
be less active than those of acetic acid is to be expected, since not all of 
the aspartic acid of the tissue proteins has been regenerated in the 3 day 
period. 

A hypothetical mechanism for these reactions can be deduced from the 
well known condensation of derivatives of glycine with carbonyl com- 
pounds. It is possible that glyoxylic acid, derived from glycine by deam- 
ination,‘ condenses with glycine to form a 4-carbon compound? labeled 
in the a and 8 positions, which is in equilibrium with aspartic acid. 

An alternative mechanism is the degradation of the glycine to labeled 
formic acid and condensation of the latter with glycine to a,§-labeled 
serine. Pyruvic acid derived from serine’ would then be the precursor 
of the acetic and oxalacetic acids. Further investigations are required 
in order to decide this question. 
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EVIDENCE OF THE EXISTENCE OF 


DESOXYRIBONUCLEIC 
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ACIDS 


A CORE IN 


The action of crystalline desoxyribonuclease! (supplied by the Worth- 
ington Biochemical Laboratory, Freehold, New Jersey) on the desoxy- 
ribonucleic acids of calf thymus and of yeast? leads to the production of 









































| Calf 
Calf a oe gymus, Yeast 
ment 2 
Fr Origi- | Dialy- — Dialysis | Origi- | | Dialy- Dialy- 
| nal sate | osidue residue | sate i" residue 
———$ $$ ———- | | 
SI 0.2 esisevk ok Aca oe 0 | 6 | . | 2 | Oy tae 
Dialysis, hrs.. : ; i 0 | 6 | 2 158 0 6 | 24 
Distribution of fractions, % of | 100 | 53 | 7 14,100 | 58 | 5 
CE eee rs | | 
| _ Compson of ins mr reprint ri 
3 | | a 
—— | 1.2) 1.2] 1.6] 1.7 108) 
Guanine | | 
saya | 21.8 1.2] 2.2 | | 
Cytosine | | | | 
— 1.6, 1.2| 3.8| | 
Cytosine | | | | 
> 
purines | 1.2} 1.0] 2.0] | | 
Pyrimidines | | 
dialyzable fragments, without liberation of NH; or inorganic P. But 


even after prolonged digestion a non-diffusible core remains. 

Both the dialyzable portion (6 hours digestion) and the core remaining 
after additional digestion and dialysis were analyzed’ for purines and 
pyrimidines. Whereas the composition of the former did not differ 
appreciably from that of the original highly polymerized nucleic acids* 5 
(except a change in the adenine to cytosine ratio), the core studied in the 
case of the thymus nucleic acid exhibited a significant divergence. The 


1 Kunitz, M., Science, 108, 19 (1948). 

* Chargaff, E., and Zamenhof, S., J. Biol. Chem., 173, 327 (1948). 

*Vischer, E., and Chargaff, E., J. Biol. Chem., 176, 703, 715 (1948). 

‘Chargaff, E., Vischer, E., Doniger, R., Green, C., and Misani, F., J. Biol. Chem., 
177, 405 (1949). 

' Vischer, E., Zamenhof, S., and Chargaff, E., J. Biol. Chem., 
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data provided in the accompanying table indicate a considerable increase 
in the molar proportions of adenine to guanine and especially to cytosine, 
of thymine to cytosine, and of purines to pyrimidines. Thus, the dis- 
symmetry in the distribution of constituents, found in the original nucleic 
acid,‘ is intensified in the core. 

Apart from less probable explanations, these findings could be inter. 
preted as indicating either the presence in the nucleic acid sample of 
small quantity of a second desoxypentose nucleic acid of different purine 
and pyrimidine composition or the existence in the desoxyribonucleie 
acid chain of nucleotide clusters (in the case studied, relatively richer in 
adenine and thymine) distinguished from the bulk of the molecule by 
greater resistance to enzymatic disintegration. 

This work was aided by a research grant from the United States Public 
Health Service. 
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